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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
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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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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)
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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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X-ray TDEs (1990s~)
150 S. Komossa / Journal of High Energy Astrophysics 7 (2015) 148–157

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.

Table 1 (Continued)

Name Surveya Waveband Redshift
log LBB

b

(erg s−1) log TBB (K) Referencec

AT2018lna/ZTF19aabbnzo ZTF O 0.091 44.56 4.59 van Velzen et al. 2021
AT2018lni/ZTF18actaqdw ZTF O 0.138 44.21 4.38 van Velzen et al. 2021
AT2019ahk/ASASSN-19bt ASAS-SN O 0.0262 44.08 4.30 Holoien et al. 2019b
AT2019azh/ASASSN-19dj ASAS-SN O 0.0222 44.50 4.51 van Velzen et al. 2021
AT2019bhf/ZTF19aakswrb ZTF O 0.1206 43.91 4.27 van Velzen et al. 2021
AT2019cho/ZTF19aakiwze ZTF O 0.193 43.98 4.19 van Velzen et al. 2021
AT2019dsg/ZTF19aapreis ZTF O 0.0512 44.26 4.59 van Velzen et al. 2021
AT2019ehz/Gaia19bpt Gaia O 0.074 44.03 4.34 van Velzen et al. 2021
AT2019eve/ZTF19aatylnl ZTF O 0.0813 43.14 4.06 van Velzen et al. 2021
AT2019lwu/ZTF19abidbya ZTF O 0.117 43.60 4.14 van Velzen et al. 2021
AT2019meg/ZTF19abhhjcc ZTF O 0.152 44.36 4.44 van Velzen et al. 2021
AT2019mha/ATLAS19qqu ATLAS O 0.148 44.05 4.35 van Velzen et al. 2021
AT2019qiz/ZTF19abzrhgq ZTF O 0.0151 43.44 4.27 van Velzen et al. 2021

aSurvey that !rst discovered the nuclear transient.
bIntegrated blackbody luminosity except for X-ray selected TDEs for which the absorbed luminosity in the 0.3–2-keV band is given.
cPublication in which the luminosity and temperature were used.
Abbreviations: ASAS-SN, All-Sky Automated Survey for Supernovae; GALEX,Galaxy Evolution Explorer; ND, no data; OGLE, Optical Gravitational
Lensing Experiment; PS, Pan-STARRS; PTF, Palomar Transient Factory; SDSS, Sloan Digital Sky Survey; XMM, XMM-Newton; ZTF, Zwicky Transient
Facility.
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Figure 2
(a) Cumulative histogram of TDEs reported in the literature, color-coded by the wavelength in which they
were discovered: X-ray (black), UV (blue), gamma-ray (purple), and optical (green). (b) Peak luminosity versus
blackbody temperature for 56 TDEs reported in the literature, color-coded by the wavelength in which they
were discovered: UV-optical (green), X-ray (black), and 10 of the UV-optically selected TDEs with detected
X-ray components (gray). The UV-optical luminosities are calculated for the entire blackbody, whereas the
X-ray luminosities are only for the 0.3–2-keV band but should account for most of the bolometric
luminosity given the extremely soft temperatures observed. The region of expected thermal emission from a
circularized debris disk formed from the tidal disruption of a solar-type star by a ∼106–108 M! black hole is
shown in orange. Note that neither of the two components are in agreement with emission expected from a
simple debris disk.
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Tidal Disruption Events: Observation

Komossa15

ROSAT all sky survey: 1990-91
　20% of sky @0.1-2.4 keV

  (Low-cadence…)

✓In galactic nuclear region
                                (not AGN)
✓Lx~1e+44erg/s(~LEdd)
✓kT~0.1keV
✓L ~ t-5/3

Gezari21



Optical TDEs (2010s~)

Table 1 (Continued)

Name Surveya Waveband Redshift
log LBB

b

(erg s−1) log TBB (K) Referencec

AT2018lna/ZTF19aabbnzo ZTF O 0.091 44.56 4.59 van Velzen et al. 2021
AT2018lni/ZTF18actaqdw ZTF O 0.138 44.21 4.38 van Velzen et al. 2021
AT2019ahk/ASASSN-19bt ASAS-SN O 0.0262 44.08 4.30 Holoien et al. 2019b
AT2019azh/ASASSN-19dj ASAS-SN O 0.0222 44.50 4.51 van Velzen et al. 2021
AT2019bhf/ZTF19aakswrb ZTF O 0.1206 43.91 4.27 van Velzen et al. 2021
AT2019cho/ZTF19aakiwze ZTF O 0.193 43.98 4.19 van Velzen et al. 2021
AT2019dsg/ZTF19aapreis ZTF O 0.0512 44.26 4.59 van Velzen et al. 2021
AT2019ehz/Gaia19bpt Gaia O 0.074 44.03 4.34 van Velzen et al. 2021
AT2019eve/ZTF19aatylnl ZTF O 0.0813 43.14 4.06 van Velzen et al. 2021
AT2019lwu/ZTF19abidbya ZTF O 0.117 43.60 4.14 van Velzen et al. 2021
AT2019meg/ZTF19abhhjcc ZTF O 0.152 44.36 4.44 van Velzen et al. 2021
AT2019mha/ATLAS19qqu ATLAS O 0.148 44.05 4.35 van Velzen et al. 2021
AT2019qiz/ZTF19abzrhgq ZTF O 0.0151 43.44 4.27 van Velzen et al. 2021

aSurvey that !rst discovered the nuclear transient.
bIntegrated blackbody luminosity except for X-ray selected TDEs for which the absorbed luminosity in the 0.3–2-keV band is given.
cPublication in which the luminosity and temperature were used.
Abbreviations: ASAS-SN, All-Sky Automated Survey for Supernovae; GALEX,Galaxy Evolution Explorer; ND, no data; OGLE, Optical Gravitational
Lensing Experiment; PS, Pan-STARRS; PTF, Palomar Transient Factory; SDSS, Sloan Digital Sky Survey; XMM, XMM-Newton; ZTF, Zwicky Transient
Facility.
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Figure 2
(a) Cumulative histogram of TDEs reported in the literature, color-coded by the wavelength in which they
were discovered: X-ray (black), UV (blue), gamma-ray (purple), and optical (green). (b) Peak luminosity versus
blackbody temperature for 56 TDEs reported in the literature, color-coded by the wavelength in which they
were discovered: UV-optical (green), X-ray (black), and 10 of the UV-optically selected TDEs with detected
X-ray components (gray). The UV-optical luminosities are calculated for the entire blackbody, whereas the
X-ray luminosities are only for the 0.3–2-keV band but should account for most of the bolometric
luminosity given the extremely soft temperatures observed. The region of expected thermal emission from a
circularized debris disk formed from the tidal disruption of a solar-type star by a ∼106–108 M! black hole is
shown in orange. Note that neither of the two components are in agreement with emission expected from a
simple debris disk.
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Tidal Disruption Events: Observation

Gezari21

✓In galactic nuclear region
                                (not AGN)
✓Lopt~1e+44erg/s(~LEdd)
✓T~30000K, Rbb~1e+15cm
✓L ~ t-5/3

such that half the mass is gravitationally bound to the black hole (!ε < 0) and, thus, available to be
accreted. The fallback timescale (tfb), the characteristic minimum timescale in a TDE, is de!ned
as the orbital period of the most bound debris,

tfb = 2πGMBH(2E )−3/2 = π

M$

(
MBHR3

$

2G

)1/2

= 0.11 year r3/2$ M1/2
6 m−1

$ . 4.

The fact that tfb scales with the square root of the black hole mass implies that the timing of
TDE "ares should in principle be used to yield information on the mass of the central black hole.
Another fundamental property of the fallback of the debris streams is that if their speci!c energy
distribution is uniform, i.e., dE/dM = 0, then the rate at which material returns to pericenter can
be derived as

dM
dE

dE
dt

= 2π
3

(GMBH)2/3
dM
dE

t−5/3 5.

and follows a power law, dM/dt ∝ (t − tD)−5/3. In the case of a partial disruption, a steeper power-
law decline is expected, dM/dt ∝ (t − tD)−9/4 (Coughlin & Nixon 2019). In addition, the internal
structure (Ramirez-Ruiz & Rosswog 2009, Guillochon & Ramirez-Ruiz 2013, Golightly et al.
2019b) and spin (Golightly et al. 2019a) of the star, as well as the spin of the black hole (Kesden
2012b, Gafton & Rosswog 2019) and the impact parameter of the star’s orbit (Gafton & Rosswog
2019), will have an imprint on the energy distribution of the debris and, thus, the fallback rate.

One of the most remarkable observed characteristics of TDEs is that, at face value, they appear
to have a light curve that follows the general shape of the theoretical TDE fallback rate (Figure 4).
In fact, when one !ts a t−5/3 power law to the light curve on its decline from peak, there is a strong
correlation between the time of peak since the inferred time of disruption, !t = (tpeak − tD), and
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Figure 4
Compilation of bolometric luminosity curves of TDEs with well-sampled prepeak optical light curves,
labeled by their AT name, with the exception of PS1-10jh, PS1-11af, and PTF-09ge. The light curves were
constructed by scaling the r-band light curve by the peak bolometric luminosity determined from a
blackbody !t to the optical+UV photometry reported by van Velzen et al. (2020) and assuming no evolution
in temperature. In the case of PTF-09ge, no UV observations were taken at the time of the event, and so the
bolometric luminosity is estimated from its optical spectrum. In the case of AT2019ahk/ASASSN-19bt, I
plot the Swift uvw2 light curve scaled by the peak bolometric luminosity. Also shown is a t−5/3 power-law
decline !t to these curves after peak. Abbreviation: AT, astronomical transient.
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Emission mechanism: Reprocessing disk emission? Shock interaction? Cooling envelope? 
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Figure 20. Distribution of peak LBB ⇥ early time LX for di↵erent TDE populations. Squares show SRG/eROSITA (X-ray)
discovered sources, circles show optically discovered X-ray detected, while diamonds show optically discovered with no X-ray
detection. Filled markers represent detections in both UV/optical and X-rays (early times), while hollow symbols represent
upper limits in one of the two wavelength bands, where the arrows represent their 3� upper limit. The colors are the same as
in Fig. 19.

While the corona was able to form in these three
sources, their hard state is short-lived, and the sources
transition back to soft/intermediate state at even later
times (�t � 400 days); this indicates that the high op-
tical depth corona can not be sustained as the accretion
rate onto the black hole decreases. Another line of evi-
dence towards the ine�ciency of the corona formation is
on the measured �sc (see right panel of 13). In TDEs the
spectra are rarely as hard in a typical AGN. From the
combination of equations 9 and 10 these higher values of
the power-law index in the TDEs, translates into lower
values of the Te⇥max(⌧e, ⌧2e ) product as compared with
those in AGN corona. Disentangling between ⌧e and Te

e↵ects relies on the detection of cut-o↵ energy (Ecut) of
the power-law spectra. Such a measurement is possible
using NuSTAR (Harrison et al. 2013) for some bright
nearby AGN (e.g., Tortosa et al. 2018), however, this is
still not feasible for TDEs with current instruments. The
proposed High Energy X-ray Probe (HEX-P, Madsen
et al. 2019) may allow measurements of Ecut and as well
as detection of reflection features, in bright nearby TDE
such as AT2021ehb. The reason for which only these
three sources show corona formation are unclear at this
time, while all three sources show MBH � 5 ⇥ 106M�–
which is in high mass end of the TDE MBH function,

and expected from the requirement of sub-Eddington
accretion for the formation of the component – a high
MBH does not seems to be su�cient condition, given
that other TDEs were hosted by black holes with MBH

� 5⇥106M� and still did not show such state transition.

5.7. On the break of the luminosity function

In §4.5, we have shown that the TDE X-ray luminos-
ity function (LF) can be described by a broken power-
law with a characteristic break luminosity of LX ⇡ 1044

erg s�1. In the case that the X-ray luminosity of
TDEs are Eddington limited, and hence their fraction
lx = LX/LEdd is < 1, the observed suppression of the
TDE rate at MBH > 108 M� (van Velzen 2018; Yao
et al. 2023) can naturally explain the brake in the X-ray
LF at ⇠ 1044 erg s�1. Indeed, based on such arguments,
Mummery (2021) estimated a maximum X-ray luminos-
ity of ⇠ 1044 erg s�1 for non-jetted TDEs 13. Although
a couple TDEs have shown a peak LX > 1044 erg s�1

(see top panel of Fig. 17), the steep break, from � ⇡ 1.0

13 TDEs in which the jet is pointed towards us – so-called jetted
or relativistic TDEs – have their luminosity beamed, hence those
can reach LX � 1047 erg s�1. This is a distinct physical sce-
nario, than what is discussed in this section, therefore are not
considered.

Here, we present the results of the first realistic simulation to
understand the super-Eddington accretion and emission physics
in TDEs. It has been predicted that in super-Eddington
accretion photons are trapped within the accretion flow and a
geometrically thick accretion disk forms due to large radiation
pressure (Begelman 1978; Abramowicz et al. 1988). Recently,
the development of novel radiation magnetohydrodynamics
(MHD) codes, some of which also performed under full general
relativity (GR), have helped us understand more about such
accretion flows (e.g., Ohsuga et al. 2005; Jiang et al. 2014;
McKinney et al. 2014; Saḑowski et al. 2015). These works
have demonstrated that wide-angle fast outflows are launched
from the disk. Also, if large-scale ordered magnetic fluxes are
provided to the accretion flow around a spinning black hole, a
relativistic jet can be produced magnetically (McKinney
et al. 2015).

Previous super-Eddington simulations have mostly focused
on extended disks around stellar-mass black holes. In order to
study TDE disks, we simulate a compact super-Eddington
accretion disk around an SMBH, using a 3D fully general
relativistic radiation magnetohydrodynamics (GRRMHD) code
(Section 2.1). We then post-process the simulation data for
radiative transfer analysis using a Monte Carlo code

(Section 2.2). We illustrate the qualitative results in the
schematic Figure 1 and give details in Section 3. Our summary,
with caveats and a discussion of future work, is found in
Section 4.

2. TDE Super-Eddington Accretion: Methodology

Reprocessing of emission by an optically thick envelope,
such as the outflows from super-Eddington accretion, has been
discussed in Loeb & Ulmer (1997), Strubbe & Quataert (2009),
Coughlin & Begelman (2014), Metzger & Stone (2016), and
Roth et al. (2016). In particular, Metzger & Stone (2016) and
Roth et al. (2016) suggested that there could be a viewing-angle
dependence for emission, though they still used a spherically
symmetric envelope with an ad hoc profile for calculations. A
general relativistic simulation of a super-Eddington TDE disk
is the key to providing a clear, qualitative understanding of the
outflow profile and the viewing-angle dependence of the
observed emission.

2.1. Fully 3D GR Radiation MHD Simulation Setup

We simulate a super-Eddington TDE disk using the fully 3D
general relativistic radiation magnetohydrodynamics (GRRMHD)

Figure 1. A schematic picture showing the viewing-angle dependence for the observed emission from a TDE super-Eddington disk. The emission from the inner disk
is reprocessed by the optically thick outflows and outer disk. Only when the observer is looking into the optically thin funnel is the inner disk exposed, which can
reveal strong, beamed X-ray and EUV radiation. Otherwise, X-rays are reprocessed into optical/NUV emission via photoionization (in a denser outflow or disk at high
inclination angles) or adiabatic cooling (in an ultrafast outflow at low inclination angles). A jet is included in the picture for completeness, though most TDEs may not
produce jets.
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Table 1 (Continued)

Name Surveya Waveband Redshift
log LBB

b

(erg s−1) log TBB (K) Referencec

AT2018lna/ZTF19aabbnzo ZTF O 0.091 44.56 4.59 van Velzen et al. 2021
AT2018lni/ZTF18actaqdw ZTF O 0.138 44.21 4.38 van Velzen et al. 2021
AT2019ahk/ASASSN-19bt ASAS-SN O 0.0262 44.08 4.30 Holoien et al. 2019b
AT2019azh/ASASSN-19dj ASAS-SN O 0.0222 44.50 4.51 van Velzen et al. 2021
AT2019bhf/ZTF19aakswrb ZTF O 0.1206 43.91 4.27 van Velzen et al. 2021
AT2019cho/ZTF19aakiwze ZTF O 0.193 43.98 4.19 van Velzen et al. 2021
AT2019dsg/ZTF19aapreis ZTF O 0.0512 44.26 4.59 van Velzen et al. 2021
AT2019ehz/Gaia19bpt Gaia O 0.074 44.03 4.34 van Velzen et al. 2021
AT2019eve/ZTF19aatylnl ZTF O 0.0813 43.14 4.06 van Velzen et al. 2021
AT2019lwu/ZTF19abidbya ZTF O 0.117 43.60 4.14 van Velzen et al. 2021
AT2019meg/ZTF19abhhjcc ZTF O 0.152 44.36 4.44 van Velzen et al. 2021
AT2019mha/ATLAS19qqu ATLAS O 0.148 44.05 4.35 van Velzen et al. 2021
AT2019qiz/ZTF19abzrhgq ZTF O 0.0151 43.44 4.27 van Velzen et al. 2021

aSurvey that !rst discovered the nuclear transient.
bIntegrated blackbody luminosity except for X-ray selected TDEs for which the absorbed luminosity in the 0.3–2-keV band is given.
cPublication in which the luminosity and temperature were used.
Abbreviations: ASAS-SN, All-Sky Automated Survey for Supernovae; GALEX,Galaxy Evolution Explorer; ND, no data; OGLE, Optical Gravitational
Lensing Experiment; PS, Pan-STARRS; PTF, Palomar Transient Factory; SDSS, Sloan Digital Sky Survey; XMM, XMM-Newton; ZTF, Zwicky Transient
Facility.
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Figure 2
(a) Cumulative histogram of TDEs reported in the literature, color-coded by the wavelength in which they
were discovered: X-ray (black), UV (blue), gamma-ray (purple), and optical (green). (b) Peak luminosity versus
blackbody temperature for 56 TDEs reported in the literature, color-coded by the wavelength in which they
were discovered: UV-optical (green), X-ray (black), and 10 of the UV-optically selected TDEs with detected
X-ray components (gray). The UV-optical luminosities are calculated for the entire blackbody, whereas the
X-ray luminosities are only for the 0.3–2-keV band but should account for most of the bolometric
luminosity given the extremely soft temperatures observed. The region of expected thermal emission from a
circularized debris disk formed from the tidal disruption of a solar-type star by a ∼106–108 M! black hole is
shown in orange. Note that neither of the two components are in agreement with emission expected from a
simple debris disk.
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Tidal Disruption Events: Observation

Nature | www.nature.com | 3

star approached the supermassive black hole (SMBH) on a nearly para-
bolic trajectory and was ripped apart into a stream of gaseous debris. 
About half of the mass stayed bound to the black hole, underwent 
general-relativistic apsidal precession as the gas fell back towards 
the pericentre, and then produced strong shocks at the self-crossing 
point19. The shocked gas then circularized to form an accretion disk 
around the black hole the rapid spin of which generated a pair of rela-
tivistic jets20. The high X-ray luminosity (Fig. 2a) and flux variability on 
a timescale of tvar ≈ 1 h (refs. 21,22) suggest that the X-rays were generated 
by internal dissipation within the jet at a distance of less than 2tvarΓ2c ≈ 
0.01 pc (tvar/h)(Γ/10)2 from the black hole and that our line of sight was 
within the relativistic beaming cone of the jet, as was also the case for 
Swift J1644+57. Here, Γ ≈ 10 is the jet Lorentz factor (as constrained by 
the radio spectrum, see Methods section ‘Relativistic evolution of the 
radio source’) and c is the speed of light. The jet power of AT2022cmc 
inferred from X-ray observations is consistent with being generated by 
the Penrose–Blandford–Żnajek mechanism in a magnetically arrested 

disk23. Under this mechanism, we infer from the jet power that the SMBH 
is rapidly rotating with a spin parameter a ≳ 0.3 for AT2022cmc and 
a ≳ 0.7 for Swift J1644+57. We conclude that a high spin is probably 
required to launch a relativistic jet.

The optical and ultraviolet observations revealed a fast-fading red 
‘flare’ (approximately 1 d) that transitioned quickly to a slow blue  
‘plateau’, enabling the study of two components generated by the tidal 
disruption: the relativistic jet and the thermal component from bound 
stellar debris accreting onto the black hole. The fast-fading red com-
ponent can be explained as follows. As the jet, which carried 1053 to 
1054 erg of isotropic-equivalent energy, propagated to large distances 
of rdec ≈ 0.2 pc, it was greatly decelerated by driving a forward shock 
into the surrounding gas of hydrogen with number density of the order 
1 cm−3 (see Methods). At the same time, a reverse shock was propagating 
into the jet material, similar to cosmological GRBs24. Electrons were 
accelerated to relativistic speeds by these shocks and then produced 
synchrotron emission at wavelengths of radio/millimetre to X-ray.  
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Fig. 2 | AT2022cmc is among the most luminous extragalactic transients 
ever observed. a, Comparison between the X-ray observations of AT2022cmc, 
the jetted TDE candidates Swift J1644+57 and Swift J2058+05, GRBs, and 
luminous fast blue optical transients (LFBOTs). The onset time is here set to the 
first ZTF detection, but its true value is poorly constrained. b, Submillimeter 
Array (SMA) millimetre light curve of AT2022cmc compared to light curves  
of millimetre-bright cosmic explosions at similar frequencies (frequencies 
provided in the rest frame): long-duration γ-ray bursts (LGRBs), low-luminosity 
GRBs (LLGRBs), LFBOTs, core-collapse supernovae (CC SN) and TDEs.  

c, Comparison between the optical light curve of AT2022cmc K-corrected to 
r-band (see Methods section ‘Comparison between AT2022cmc and other 
energetic transients’), the light curves of GRB afterglows, and the light curve  
of the prototypical LFBOT AT2018cow. d, Radio to X-ray spectral energy 
distribution (SED). A change in the shape of the SED is especially evident in the 
optical/UV between 2022 February 16 and March 09–13 (2 days, 5 days, and  
12–14 days in the rest frame from the first detection), suggesting a transition 
between two different emission components.
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bolic trajectory and was ripped apart into a stream of gaseous debris. 
About half of the mass stayed bound to the black hole, underwent 
general-relativistic apsidal precession as the gas fell back towards 
the pericentre, and then produced strong shocks at the self-crossing 
point19. The shocked gas then circularized to form an accretion disk 
around the black hole the rapid spin of which generated a pair of rela-
tivistic jets20. The high X-ray luminosity (Fig. 2a) and flux variability on 
a timescale of tvar ≈ 1 h (refs. 21,22) suggest that the X-rays were generated 
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Swift J1644+57. Here, Γ ≈ 10 is the jet Lorentz factor (as constrained by 
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radio source’) and c is the speed of light. The jet power of AT2022cmc 
inferred from X-ray observations is consistent with being generated by 
the Penrose–Blandford–Żnajek mechanism in a magnetically arrested 

disk23. Under this mechanism, we infer from the jet power that the SMBH 
is rapidly rotating with a spin parameter a ≳ 0.3 for AT2022cmc and 
a ≳ 0.7 for Swift J1644+57. We conclude that a high spin is probably 
required to launch a relativistic jet.

The optical and ultraviolet observations revealed a fast-fading red 
‘flare’ (approximately 1 d) that transitioned quickly to a slow blue  
‘plateau’, enabling the study of two components generated by the tidal 
disruption: the relativistic jet and the thermal component from bound 
stellar debris accreting onto the black hole. The fast-fading red com-
ponent can be explained as follows. As the jet, which carried 1053 to 
1054 erg of isotropic-equivalent energy, propagated to large distances 
of rdec ≈ 0.2 pc, it was greatly decelerated by driving a forward shock 
into the surrounding gas of hydrogen with number density of the order 
1 cm−3 (see Methods). At the same time, a reverse shock was propagating 
into the jet material, similar to cosmological GRBs24. Electrons were 
accelerated to relativistic speeds by these shocks and then produced 
synchrotron emission at wavelengths of radio/millimetre to X-ray.  
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Fig. 2 | AT2022cmc is among the most luminous extragalactic transients 
ever observed. a, Comparison between the X-ray observations of AT2022cmc, 
the jetted TDE candidates Swift J1644+57 and Swift J2058+05, GRBs, and 
luminous fast blue optical transients (LFBOTs). The onset time is here set to the 
first ZTF detection, but its true value is poorly constrained. b, Submillimeter 
Array (SMA) millimetre light curve of AT2022cmc compared to light curves  
of millimetre-bright cosmic explosions at similar frequencies (frequencies 
provided in the rest frame): long-duration γ-ray bursts (LGRBs), low-luminosity 
GRBs (LLGRBs), LFBOTs, core-collapse supernovae (CC SN) and TDEs.  

c, Comparison between the optical light curve of AT2022cmc K-corrected to 
r-band (see Methods section ‘Comparison between AT2022cmc and other 
energetic transients’), the light curves of GRB afterglows, and the light curve  
of the prototypical LFBOT AT2018cow. d, Radio to X-ray spectral energy 
distribution (SED). A change in the shape of the SED is especially evident in the 
optical/UV between 2022 February 16 and March 09–13 (2 days, 5 days, and  
12–14 days in the rest frame from the first detection), suggesting a transition 
between two different emission components.
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The bright millimetre emission was dominated by the reverse- 
shock-heated electrons at early time before the reverse shock crossed 
the most energetic parts of the jet, but the forward shock emission 
dominated at later time.

The slowly fading blue, thermal optical/UV emission was produced by 
the optically thick outflows from the self-crossing shock and the accre-
tion disk19, which can be responsible for the blue plateau observed for 
weeks after the initial flare. As is known from non-jetted TDEs, this gas 
component produces a blackbody-like spectrum with temperature 104–
105 K and peak luminosity of 1044–1045 erg s−1, consistent with our opti-
cal observations. The high rest-frame UV luminosity (approximately 
1045 erg s−1) and blackbody temperature (approximately 3 × 104 K) of 
AT2022cmc (see Methods section ‘Optical light curve modelling’) are 
probably due to a viewing angle close to the jet axis25.

Given the above properties, on balance we conclude that AT2022cmc 
is most probably generated by (nearly) on-axis jetted relativistic mate-
rial from the tidal disruption of a star by a massive black hole at the cen-
tre of a galaxy with low dust extinction. This would, to our knowledge, 
make AT2022cmc the furthest jetted TDE discovered so far and the only 
one for which it was possible to observe a complex optical light curve 
that transitions from a fast red component into a blue plateau. Our 
interpretation of a TDE naturally leads to the prediction that, if a host 
galaxy is eventually detected (for example, with HST or James Webb 
Space Telescope), then the transient position should be astrometrically 
coincident with the nucleus and/or host light centroid. Under the TDE 
interpretation, because the jet is already ongoing when the blue UV 
component is observed, this suggests that the disk formation occurs 
on a timescale shorter than the evolutionary time of the blue UV com-
ponent, which is of the order of weeks in the rest frame. This provides 

important constraints on the highly uncertain hydrodynamics of the 
disk-formation process26.

Besides Swift J1644+37, which triggered the Swift Burst Alert Tele-
scope (BAT) onboard, two more jetted TDE candidates have been 
detected by BAT ground-based analysis with similar X-ray and radio 
properties: Swift J2058+056,8 and Swift J1112–827. We find that less than 
5% of GRBs, such as that associated with Swift J1644+57, would result 
in a Swift/BAT onboard trigger if the source is placed at the same dis-
tance as AT2022cmc. Another jetted TDE27 was identified in the radio 
and infrared bands in the Arp 299 galaxy, but not in the optical and 
X-rays. On the basis of these, a jetted TDE rate of approximately 
0.03 Gpc yr−0.02

+0.04 −3 −1  was obtained11 (where the error in the rate was 
calculated using small sample statistics), which is small compared to 
the rate of non-jetted TDEs28 (approximately 103 Gpc−3 yr−1). A major 
open question then is why apparently only a small fraction of TDEs 
launch jets29. The solution to this question will probably shed light on 
the decades-old puzzle of jet-launching from accreting SMBHs. How-
ever, a more complete survey of jetted TDEs is needed to pin down their 
event rate.

Using the optical light curve of AT2022cmc and the ZTF survey foot-
print so far, we calculate an intrinsic rate of 0.02 Gpc yr−0.01

+0.04 −3 −1  for 
jetted TDEs oriented towards Earth, obtained independently of dis-
coveries made by high-energy and radio surveys. This rate is consistent 
with previous estimates of the on-axis rate of jetted TDEs, which sug-
gests that host galaxy extinction is often small. This results confirms 
that a very small fraction, approximately 10−2(fb/10−2)−1, of TDEs launch 
relativistic jets with properties similar to AT2020cmc30, where fb is the 
relativistic beaming factor (probably of the order of Γ−2 ≈ 10−2). However, 
the connection between routinely discovered TDEs and rare jetted 
TDEs remains unclear. On the basis of the observations of AT2022cmc, 
we suggest that a connection exists between jetted TDEs and the newly 
identified class of luminous featureless TDEs31 (Methods section  
‘A possible connection between jetted TDEs and luminous featureless 
TDEs’), which could harbour relativistic jets, but might be observed 
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weeks afterwards. Observed wavelengths were corrected for the redshift by a 
multiplicative factor (1 + z)−1. Features in the VLT/X-shooter spectrum (top 
panels) enabled the redshift to be firmly established;. orange bars mark the 
wavelengths of Fe II, Mg II, and Ca II lines.In the month since its first detection, 
the spectra of AT2022cmc appear otherwise featureless. The absorption line 
around 3,500 Å is telluric (non-astrophysical) and the apparent narrow 
emission features are cosmic rays (CR). a.u., arbitrary units.
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Fig. 4 | Our interpretation of AT2022cmc as a jetted TDE. This illustration 
offers a visual representation (not to scale) of the physical processes explained 
in the text. Black dotted line: original geodesic of the star (note the general- 
relativistic apsidal precession). Thick blue line: the stellar debris gas 
undergoing self-intersection. Thick blue envelope of size approximately 
100 AU (or 1015 cm; AU, astronomical units): optically thick gas (probably an 
outflow) reprocessing the X-rays and extreme-UV emission from the accretion 
disk into the UV/optical band, as observed from other non-jetted TDEs. Light 
blue disk of size approximately 1 AU (of the order of the tidal disruption radius): 
accretion disk near the black hole. Light blue cones: relativistic jets launched 
from the innermost regions of the disk. Shocks at a distance of approximately 
0.1 pc (or 3 × 1017 cm) from the black hole: reverse shock dominates the radio/
millimetre emission, and both reverse shock and forward shock contribute to 
the non-thermal optical/IR emission.
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Table 1. Summary of different ejecta components in TDEs. The blank (“−”) means that the parameter is what we constrain in this work by radio upper limits.

Mass Velocity Kinetic energy Solid angle Mass per solid angle Reference
Mej [M"] vin [km s−1] Ekin [erg] ∆Ω [str] Mej/∆Ω [M" str−1]

Unbound debris 0.5 # 7500 2 × 1050 0.1 5 Krolik2016,Yalinewich2019
Disk wind − ∼ 10000 − ∼ 4π − Metzger&Stone2016
Collision induced outflow − ∼ 10000 − ∼ 4π − Lu&Bonnerot2020
Jet (Conical outflow) − − − − −
Relativistic jet

Synchrotron self-absorption frequency is given by (Murase et al.
2014)

νa =
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where we used p = 2.5 in the second line.2It should be noted that
we ignored multiple Gamma functions, which is an order of unity.3
This formula holds only for νm < νa. In this case, the synchrotron
spectrum is given by (Piran et al. 2013)
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In particular, νa is always larger than νm for relevant parameter
values. Thus we concentrate on the regimes of νm < ν < νa or
νa < ν, where the spectrum peaks at νa with
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Note that the flux density for νm < ν < νa has a common dependence
on the parameters for the both phases.

2 ͜ͷࣜͷ ε̄e,−1 ͱ β ͷႈRicci et al. (2021)ͷ Eq. (20)ͱໃ६͢Δ͕ɺ
͜ΕऀޙͰ 25 Ͱͳ͘ γ5

m ͱͯ͠͠·͍ͬͯΔ͔ΒͰ͋Δɻ
3 [Γ(p/4+ 11/6)Γ(p/4+ 1/6)Γ(p/4+ 3/2)/Γ(p/4+ 2)]2/(p+4) has a value
of 1.01 − 1.06 for p = 2 − 5.

2.1 Observational constraint

From the detection or upper limit, we can constrain parameters. We
consider that the radius is given by R # vt, which holds for most
cases, and the velocity is estimated by another consideration such as
energy conservation. Here the parameters we want to constrain are the
outflow velocity v, ISM density n, and outflow’s solid angle ∆Ω. By
using the observational upper limits, we can constrain combinations
of these parameters. For optically thin and v < vDN case,
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n−
1
4 v

3
2
9 ∆Ω < G # 4.30 × 10−2 ε1/4B,−1t−2

yr ν
−5/2
GHz d2

L,27FµJy . (14)

We take the density and velocity as fundamental variables, and
transform above limits to the limits on velocity:
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for optically thin (v < vDN), thin (v > vDN), and thick cases, re-
spectively. We find that there is a critical velocity above which there
is two densities realizing the observed flux. For the deep-Newtonian
case, this velocity and corresponding density are given by equating
optically thin and thick condition:
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Table 1. Summary of different ejecta components in TDEs. The blank (“−”) means that the parameter is what we constrain in this work by radio upper limits.

Mass Velocity Kinetic energy Solid angle Mass per solid angle Reference
Mej [M"] vin [km s−1] Ekin [erg] ∆Ω [str] Mej/∆Ω [M" str−1]

Unbound debris 0.5 # 7500 2 × 1050 0.1 5 Krolik2016,Yalinewich2019
Disk wind − ∼ 10000 − ∼ 4π − Metzger&Stone2016
Collision induced outflow − ∼ 10000 − ∼ 4π − Lu&Bonnerot2020
Jet (Conical outflow) − − − − −
Relativistic jet

Synchrotron self-absorption frequency is given by (Murase et al.
2014)
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where we used p = 2.5 in the second line.2It should be noted that
we ignored multiple Gamma functions, which is an order of unity.3
This formula holds only for νm < νa. In this case, the synchrotron
spectrum is given by (Piran et al. 2013)
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Note that the flux density for νm < ν < νa has a common dependence
on the parameters for the both phases.
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From the detection or upper limit, we can constrain parameters. We
consider that the radius is given by R # vt, which holds for most
cases, and the velocity is estimated by another consideration such as
energy conservation. Here the parameters we want to constrain are the
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Figure 1. A schematic picture. A radio-emitting region is moving at a 
Lorentz factor ! whose direction of motion is away from the observer’s 
line of sight, θ . The emitting region has an emitting area A and volume of V . 

The observed quantities are translated from the quantities in the 
rest frame via the relativistic Doppler factor: 
δD = 1 

! ( 1 − β cos θ ) , (1) 
where β ≡

√ 
1 − 1 / ! 2 is the source velocity normalized by the 

speed of light c . Note that for a source moving precisely towards the 
observer ( θ = 0), the Doppler factor becomes δD = 2 !. Ho we ver, 
BNP13 (following Sari, Piran & Narayan 1998 ) approximated it as 
δD # ! to reflect the fact that the average δD is lower than 2 !. 1 In 
this paper, we use an exact value of δD for a given angle to see the 
of f-axis ef fect. This treatment leads to some dif ferences in numerical 
factors between our results at the limit of θ = 0 and those of BNP13. 2 

The observed peak frequency is given by the Doppler-boosted (and 
redshifted) synchrotron frequency: 
νp = δD q e Bγ 2 

e 
2 πm e c(1 + z) , (2) 

where q e is the elementary charge, B is the magnetic field (at the 
source rest frame), γ e is the Lorentz factor of electrons producing 
the radio peak, m e is the electron mass, and z is the redshift to the 
source. 

Two expressions give the peak flux density for optically thin 
and thick regimes (we describe a more detailed deri v ation in 
Appendix A ). In the optically thin regime, 3 the flux density is just 
given by the flux of a single electron with the Lorentz factor γ e 
1 Averaging the Doppler factor over the beaming cone gives 〈 δD 〉 = ∫ 1 /! 

0 d θ sin θδD / (1 − cos θ ) # (2 ln 2) ! # 1 . 4 ! for ! & 1 and θ ' 1. 
2 The exact differences between our equations and those of BNP13 are 
summarized as follows: equations ( 2 ), ( 3 ), ( 6 ), and ( 10 ) are twice larger 
than corresponding equations (10), (11), (13), and (16) of BNP13 in the limit 
of θ = 0. Equation ( 8 ) is twice smaller than equation (14), equation ( 9 ) is 
four times smaller than equation (15), equation ( 14 ) is eight times smaller 
than equation (17), and equation ( 15 ) is four times larger than equation (18) 
of BNP13. 
3 Throughout this paper, we assume that the emission is produced by non- 
thermal electrons with a power-law energy distribution (d n /d γ ∝ γ −p ) in a 
single zone. Therefore, the spectral index in the optically thin regime should 
be smaller than −0.5 so that the power-law index is p > 2. 

multiplied by the number of emitting electrons N e : 
F p = (1 + z) δ3 

D √ 
3 q 3 e BN e 

4 πd 2 L m e c 2 , (3) 
where d L is the luminosity distance to the source. We estimate the 
peak flux by the self-absorbed spectrum in the optically thick regime. 
There are potentially two cases depending on the ratio between self- 
absorption frequency νa and the characteristic synchrotron frequency 
νm (corresponding to the emitting electrons with the least energy; 
see e.g. Sari et al. 1998 ). In the case of νa > νm , the flux at νm is 
suppressed by self-absorption and the radio flux peaks at νa . The 
peak flux is given by the Rayleigh–Jeans spectrum: 
F p # (1 + z) 3 δD 2 m e γe ν2 

p A 
d 2 L , (4) 

where A is the surface area of the emitting region. In the opposite 
case of νm > νa , the flux peaks at νm which is obtained by extending 
the self-absorbed spectrum: 
F p # (1 + z) 3 δD 2 m e γe ν2 

a A 
d 2 L 

(
νp 
νa 
)1 / 3 

. (5) 
Combining the two cases, the peak flux is given by 
F p = (1 + z) 3 δD 2 m e γe ν2 

p A 
3 d 2 L η1 / 3 , (6) 

η ≡
{

1 ; νa > νm , 
νm /νa ; νa < νm , (7) 

where following BDP13 we introduced a numerical factor 3 in the 
denominator of equation ( 6 ). 

We solve equations ( 2 ), ( 3 ), and ( 6 ) to obtain γ e , N e , and B : 
γe = 3 F p d 2 L η5 / 3 ! 2 

2 πν2 
p (1 + z) 3 m e f A R 2 δD 

# 5 . 2 × 10 2 [ 
F p , mJy d 2 L , 28 η5 / 3 
νp , 10 (1 + z) 3 

] 
! 2 

f A R 2 17 δD , (8) 
N e = 9 c F 3 p d 6 L η10 / 3 ! 4 

2 √ 
3 π2 q 2 e m 2 e ν5 

p (1 + z) 8 f 2 A R 4 δ4 
D 

# 4 . 1 × 10 54 [ 
F 3 p , mJy d 6 L , 28 η10 / 3 
ν5 

p , 10 (1 + z) 8 
] 

! 4 
f 2 A R 4 17 δ4 

D , (9) 
B = 8 π3 m 3 e cν5 

p (1 + z) 7 f 2 A R 4 δD 
9 q e F 2 p d 4 L η10 / 3 ! 4 

# 1 . 3 × 10 −2 G [ 
ν5 

p , 10 (1 + z) 7 
F 2 p , mJy d 4 L , 28 η10 / 3 

] 
f 2 A R 4 17 δD 

! 4 , (10) 
where we use the convention Q x = Q /10 x (cgs) except for the flux 
density F p,mJy = F p /mJy. The emitting area is measured in units of a 
surface area of a sphere with a radius R , subtending a solid angle of 
π / ! 2 . We define an area-filling factor following BNP13: 
f A ≡ A/ (πR 2 / ! 2 ) . (11) 
A volume-filling factor is also defined by measuring the emitting 
volume in units of a typical volume of a relativistic shell, i.e. a shell 
with a radius R , width R / ! 2 , and solid angle of π / ! 2 : 
f V = V / (πR 3 / ! 4 ) . (12) 
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֯ Ωʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons  Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫεిͨ͋ࢠΓͷ์ࣹ Pνp !

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘पྖҬͰ

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

! (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ͔Βೋߦʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜ΕҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔʹΑ
ΒͣৗʹΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝·ͩͪΌΜͱௐ͍ͯͳ͍͕ɺӈลʹ additional
ͳ factor 3͕ͭ͘ɻνa ͰͷϑϥοΫε Eq (B41)ͱ ηΛ༻͍ͯ

Fνa,BB =

{
(1 + z)32ν2pmeγe( fAπR2/d2

L)η
−2 : νa < νm ,

(1 + z)32ν2pmeγe( fAπR2/d2
L) : νa > νm ,

(B44)

= (1 + z)32ν2pmeγe( fAπR2/d2
L)η

−2 , (B45)

ͱͳΔɻ͜͜Ͱ์ࣹମͷࣹӨ͕ԁ͔ΒͣΕΔ߹Λྀͦͯ͠ߟ
ͷζϨΛ fAΛಋೖͨ͠ɻશͳΔٿମͰ؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰͪΖΜ fA = 1Ͱ͋Δɻ16Ҏ্ΑΓɺEqs. (B38), (B39),
(B43), and (B45)Λ༻͍Δ͜ͱͰ

γe =
3Fpd2

Lη
5/3

2πν2p (1 + z)3me fAR2 (B46)

! 5.24 × 102 Fp,mJyd2
L,28ν

−2
p,10(1 + z)−3η5/3 f −1

A R−2
17 , (B47)

Ne =
9cF3

p d6
Lη

10/3

8
√

3π2e2m2
e ν

5
p (1 + z)8 f 2

AR4
(B48)

! 1.03 × 1054 F3
p,mJyd6

L,28ν
−5
p,10(1 + z)−8η10/3 f −2

A R−4
17 , (B49)

B =
8π3m3

e cν5p (1 + z)7 f 2
AR4

9eF2
p d4

Lη
10/3 (B50)

! 1.30 × 10−2 G F−2
p,mJyd−4

L,28ν
5
p,10(1 + z)7η−10/3 f 2

AR4
17 , (B51)

14 ΔͷͰ͍ͯ͑ߟจͰ૬ରతΞτϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ରతݶۃͰ Γ→ 1Ͱ Ω→ π ͱͳΔͷͰ༨
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜRybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉతʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔)ɻ(2) ͷ߸Ͱ࣍ intensity ͷมଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Εਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) จͰཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͕ͩɺࠓ์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ Ω Λఆٛ͢Δͷ͔ͳΓ͍͠ɻ

ͱܘͷؔͱͯ͠ٻΊΒΕΔɻ͜͜ͰɺݪจͱදݱΛҰக
ͤ͞ΔͨΊʹ Eq. (B39) Ͱ Ω = π ͱͨ͠ɻ͜ΕΑΓɺిࢠͱ࣓
ͷΤωϧΪʔ͕

Ee = Nemec2γe =
27c3F4

p d8
Lη

5

16
√

3π3e2m2
e ν

7
p (1 + z)11 f 3

AR6
(B52)

! 4.44 × 1050 erg F4
p,mJyd8

L,28ν
−7
p,10(1 + z)−11η5 f −3

A R−6
17 , (B53)

EB =
B2

8π π fVR3 =
8π5m6

e c2ν10
p (1 + z)14 f 4

A(π fV)R11

81e2F4
p d8

Lη
20/3 (B54)

! 6.75 × 1045 erg F−4
p,mJyd−8

L,28ν
10
p,10(1 + z)14η−20/3 f 4

AR11
17(π fV) ,

(B55)

ͱͳΔɻ͜͜Ͱ์ࣹମͷମੵΛ π fVR3 ͱఆٛͨ͠ɻ์ࣹମͷཱ
ମ֯Λ Ωͱ͢Δ߹ɺ fV = Ω/(3π)ͷؔʹ͋Δɻٿମͷ߹
 Ω = 4π and fV = 4/3Ͱ͋Δɻ
ͯ͞ɺ์ࣹʹؔΘΔిࢠͱ࣓ͷΤωϧΪʔͦΕͧΕ Rͷ

গɺ૿ՃؔͰ͋Γɺͦͷґଘੑͱͯେ͖͍͜ͱ͕Θ͔ݮ
ΔɻΑͬͯɺ͜ΕΒͷ͕࠷খʹͳΔ࣮ݱ͕ܘతͳܘͷ
Λ༩͑Δͱ͑ߟΔɻࡶͳࢉܭͷޙʹ

E = Ee + EB = Eeq

[
11
17

(
R

Req

)−6
+

6
17

(
R

Req

)11]
, (B56)

Req =
( 38cF8

p d16
L η

35/3

26 · 11
√

3π8m8
e ν

17
p (1 + z)25 f 7

A(π fV)

)1/17
(B57)

! 1.85 × 1017 cm F
8
17

p,mJyd
16
17
L,28ν

−1
p,10(1 + z)− 25

17 η
35
51 f

− 7
17

A (π fV)−
1
17 ,

(B58)

Eeq =
( 1717c45m14

e F20
p d40

L η
15(π fV)6

232 · 32 · 1111√3π3e34ν17
p (1 + z)37 f 9

A

)1/17
(B59)

! 1.69 × 1049 erg F
20
17

p,mJyd
40
17
L,28ν

−1
p,10(1 + z)− 37

17 η
15
17 f

− 9
17

A (π fV)
6
17 ,

(B60)

ͱٻΊΒΕΔɻલઅͷChevalier (1998)ͷํ๏ͱ͜ͷ͕ҧ͏͜
ͱʹҙ͢ΔɻChevalierͷํ๏Ͱ equipartitionΛԾఆͯ͠৽ͨ
ͳύϥϝʔλ εe and εBΛಋೖ͍ͯ͠Δ͕ɺ͜ ͜ͰΤωϧΪʔ࠷
খͱ͍͏݅Λ༻͍ͯܘΛಋग़͍ͯ͠Δɻ͔͠͠ɺ͜ͷ͕݅
ຬͨ͞ΕΔͱ͖ͷిࢠͱ࣓ͷΤωϧΪʔͷൺ EB/Ee = 6/11
ͱͳ͓ͬͯΓɺ͜Ε Eq. (B29)ʹ͓͍ͯ εB/εe = 6/11ͱ༩͑
͍ͯΔ͜ͱͱՁͰ͋Δɻ
ΤωϧΪʔ͕࠷খʹͳ͍ͬͯͳ͍߹ (εB/εe ! 6/11)ͷܘ

ͱΤωϧΪʔͷੵݟΓ࣍ͷΑ͏ʹม͞ߋΕΔɻҙͷ εB and
εe ʹରͯ͠ରԠ͢Δܘ εB/εe = EB/Ee = 6

11 (R/Req)17 ͔Β

R = ε
1
17 Req where ε ≡ 11εB/6εe,ͱ͔ۇʹม͞ߋΕΔɻҰํͰର

Ԡ͢ΔΤωϧΪʔ E = Eeq
( 11
17ε

− 6
17 + 6

17ε
11
17
)
ͱ૿Ճ͢Δɻ

͜͜·ͰϑϥοΫεͷϐʔΫΛ୲͏ిࢠͷΤωϧΪʔ Ee ʹ
͍͕ؔͯٞͯͨ͠͠ɺ૬ରతిࢠશମͷΤωϧΪʔҟͳΔ
߹͕͋Γ (νa > νm)ɺࢉܭΛิਖ਼͢Δඞཁ͕͋Δɻ૬ରతిࢠ
ͷ΄ͱΜͲͷΤωϧΪʔ νmʹରԠ͢Δి͕ࢠ୲͏ͷͰ νp = νm
ͷ߹ิਖ਼ඞཁͳ͍͕ɺνp = νa ͷ߹ (γm/γe)2−p ͷิ
ਖ਼߲Λ Ee ʹ͔͚ͨͷ͕૬ରతిࢠͷશΤωϧΪʔͰ͋Δɻ
Αͬͯ͜ͷిࢠΤωϧΪʔΛ࠷ྀͯ͠ߟখԽ͢Δඞཁ͕͋Δɻݪ
จͰిࢠΤωϧΪʔʹՃ͞ΕΔ ∝ R2(2−p)ͷґଘੑΛແࢹ
͠ɺequipartitionܘͰґવͱͯ͠ EB/Ee = 6/11ཱ͕͢Δ
ͱͯ͠ Req (Eq. 27) and Eeq (Eq. 28)ΛٻΊ͍ͯΔɻ͜ͷՃ͞
ΕΔ RґଘੑΛແͨ͠ࢹॲํҎԼͰݟΔΑ͏ʹ͔ͳΓਖ਼֬ͳ
Λ༩͍͑ͯΔɻ࣮ࡍʹΤωϧΪʔ͕࠷খΛͱΔͱ͖Τωϧ
Ϊʔͷൺ EB/Ee = 6

11 (
3

p+1 )ͱͳ͓ͬͯΓɺܘͱΤωϧΪʔ
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֯ Ωʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons  Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫεిͨ͋ࢠΓͷ์ࣹ Pνp !

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)
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Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

! (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ͔Βೋߦʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜ΕҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔʹΑ
ΒͣৗʹΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝·ͩͪΌΜͱௐ͍ͯͳ͍͕ɺӈลʹ additional
ͳ factor 3͕ͭ͘ɻνa ͰͷϑϥοΫε Eq (B41)ͱ ηΛ༻͍ͯ
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−2 , (B45)

ͱͳΔɻ͜͜Ͱ์ࣹମͷࣹӨ͕ԁ͔ΒͣΕΔ߹Λྀͦͯ͠ߟ
ͷζϨΛ fAΛಋೖͨ͠ɻશͳΔٿମͰ؍ଌऀ͔Β πR2ʹݟ
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͍ͯΔɻΑͬͯඇ૬ରతݶۃͰ Γ→ 1Ͱ Ω→ π ͱͳΔͷͰ༨
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜRybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
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֯ Ωʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons  Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫεిͨ͋ࢠΓͷ์ࣹ Pνp !

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2
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ͱͳΔɻ14·ͨ SSA͕ޮ͘पྖҬͰ

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

! (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ͔Βೋߦʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜ΕҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔʹΑ
ΒͣৗʹΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝·ͩͪΌΜͱௐ͍ͯͳ͍͕ɺӈลʹ additional
ͳ factor 3͕ͭ͘ɻνa ͰͷϑϥοΫε Eq (B41)ͱ ηΛ༻͍ͯ
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(1 + z)32ν2pmeγe( fAπR2/d2

L)η
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(B44)
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−2 , (B45)
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͑ΔͷͰͪΖΜ fA = 1Ͱ͋Δɻ16Ҏ্ΑΓɺEqs. (B38), (B39),
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γe =
3Fpd2

Lη
5/3

2πν2p (1 + z)3me fAR2 (B46)

! 5.24 × 102 Fp,mJyd2
L,28ν

−2
p,10(1 + z)−3η5/3 f −1

A R−2
17 , (B47)

Ne =
9cF3

p d6
Lη

10/3

8
√

3π2e2m2
e ν

5
p (1 + z)8 f 2

AR4
(B48)

! 1.03 × 1054 F3
p,mJyd6

L,28ν
−5
p,10(1 + z)−8η10/3 f −2

A R−4
17 , (B49)

B =
8π3m3

e cν5p (1 + z)7 f 2
AR4

9eF2
p d4

Lη
10/3 (B50)

! 1.30 × 10−2 G F−2
p,mJyd−4

L,28ν
5
p,10(1 + z)7η−10/3 f 2

AR4
17 , (B51)
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15 Several remarks: ॳͷࣜRybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉతʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔)ɻ(2) ͷ߸Ͱ࣍ intensity ͷมଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Εਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) จͰཱମ֯ݱ Ω ͔
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p d8
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5
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√

3π3e2m2
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7
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L,28ν
−7
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17 , (B53)
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8π π fVR3 =
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ͱͳΔɻ͜͜Ͱ์ࣹମͷମੵΛ π fVR3 ͱఆٛͨ͠ɻ์ࣹମͷཱ
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গɺ૿ՃؔͰ͋Γɺͦͷґଘੑͱͯେ͖͍͜ͱ͕Θ͔ݮ
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6
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, (B56)
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√

3π8m8
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)1/17
(B57)
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35
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1
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Eeq =
( 1717c45m14
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p d40

L η
15(π fV)6

232 · 32 · 1111√3π3e34ν17
p (1 + z)37 f 9

A

)1/17
(B59)
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p,10(1 + z)− 37
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A (π fV)
6
17 ,
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Ԡ͢ΔΤωϧΪʔ E = Eeq
( 11
17ε

− 6
17 + 6

17ε
11
17
)
ͱ૿Ճ͢Δɻ

͜͜·ͰϑϥοΫεͷϐʔΫΛ୲͏ిࢠͷΤωϧΪʔ Ee ʹ
͍͕ؔͯٞͯͨ͠͠ɺ૬ରతిࢠશମͷΤωϧΪʔҟͳΔ
߹͕͋Γ (νa > νm)ɺࢉܭΛิਖ਼͢Δඞཁ͕͋Δɻ૬ରతిࢠ
ͷ΄ͱΜͲͷΤωϧΪʔ νmʹରԠ͢Δి͕ࢠ୲͏ͷͰ νp = νm
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Table 1. Summary of different ejecta components in TDEs. The blank (“−”) means that the parameter is what we constrain in this work by radio upper limits.

Mass Velocity Kinetic energy Solid angle Mass per solid angle Reference
Mej [M"] vin [km s−1] Ekin [erg] ∆Ω [str] Mej/∆Ω [M" str−1]

Unbound debris 0.5 # 7500 2 × 1050 0.1 5 Krolik2016,Yalinewich2019
Disk wind − ∼ 10000 − ∼ 4π − Metzger&Stone2016
Collision induced outflow − ∼ 10000 − ∼ 4π − Lu&Bonnerot2020
Jet (Conical outflow) − − − − −
Relativistic jet

Synchrotron self-absorption frequency is given by (Murase et al.
2014)

νa =
( (p − 1)π 3

2 3
p+1

2

4
enR min

[
(v/vDN)2, 1

]
γ5

mB

) 2
p+4
νm (7)

#



8.97 × 106 Hz ε̄
2

p+4
e,−1ε

p+2
2(p+4)
B,−1 n

p+6
2(p+4)
0 v

p+6
p+4

9 R
2

p+4
17 : v < vDN ,

2.10 × 108 Hz ε̄
2(p−1)
p+4

e,−1 ε
p+2

2(p+4)
B,−1 n

p+6
2(p+4)
0 v

5p−2
p+4

10 R
2

p+4
17 : vDN < v ,

where we used p = 2.5 in the second line.2It should be noted that
we ignored multiple Gamma functions, which is an order of unity.3
This formula holds only for νm < νa. In this case, the synchrotron
spectrum is given by (Piran et al. 2013)

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 .

(8)

In particular, νa is always larger than νm for relevant parameter
values. Thus we concentrate on the regimes of νm < ν < νa or
νa < ν, where the spectrum peaks at νa with

Fνa = Fνm (νa/νm)
1−p

2 (9)

#




7.49 × 10−3 µJy ε̄
5

p+4
e,−1ε

2p+3
2(p+4)
B,−1

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 ,

6.30 µJy ε̄
5(p−1)
p+4

e,−1 ε
2p+3

2(p+4)
B,−1

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

12p−7
p+4

10 R
2p+13
p+4

17
(∆Ω

4π
)
d−2

L,27 : vDN < v ,

Fν>νa = Fνa (ν/νa)
1−p

2 (10)

#




2.18 × 10−4 µJy ε̄e,−1ε
p+1

4
B,−1

n
p+5

4
0 v

p+5
2

9 R3
17
(∆Ω

4π
)
ν

1−p
2

GHzd−2
L,27 : v < vDN ,

1.96 µJy ε̄p−1
e,−1ε

p+1
4

B,−1

n
p+5

4
0 v

5p−3
2

10 R3
17
(∆Ω

4π
)
ν

1−p
2

GHzd−2
L,27 : vDN < v ,

Fν<νa = Fνa (ν/νa)
5
2 (11)

# 9.82 × 102 µJy ε−1/4
B,−1n−1/4

0 v
−1/2
9 R2

17

(
∆Ω

4π

)
ν5/2GHzd−2

L,27 .

Note that the flux density for νm < ν < νa has a common dependence
on the parameters for the both phases.

2 ͜ͷࣜͷ ε̄e,−1 ͱ β ͷႈRicci et al. (2021)ͷ Eq. (20)ͱໃ६͢Δ͕ɺ
͜ΕऀޙͰ 25 Ͱͳ͘ γ5

m ͱͯ͠͠·͍ͬͯΔ͔ΒͰ͋Δɻ
3 [Γ(p/4+ 11/6)Γ(p/4+ 1/6)Γ(p/4+ 3/2)/Γ(p/4+ 2)]2/(p+4) has a value
of 1.01 − 1.06 for p = 2 − 5.

2.1 Observational constraint

From the detection or upper limit, we can constrain parameters. We
consider that the radius is given by R # vt, which holds for most
cases, and the velocity is estimated by another consideration such as
energy conservation. Here the parameters we want to constrain are the
outflow velocity v, ISM density n, and outflow’s solid angle ∆Ω. By
using the observational upper limits, we can constrain combinations
of these parameters. For optically thin and v < vDN case,

n
p+5

4 v
p+11

2
9 ∆Ω < FDN # 6.13 × 105 ε̄−1

e,−1ε
− p+1

4
B,−1 t−3

yr ν
p−1

2
GHzd2

L,27FµJy ,

(12)

and for v > vDN case,

n
p+5

4 v
5p+3

2
9 ∆Ω < F # 3.84 × 106 ε̄1−pe,−1ε

− p+1
4

B,−1 t−3
yr ν

p−1
2

GHzd2
L,27FµJy .

(13)

For optically thick case,

n−
1
4 v

3
2
9 ∆Ω < G # 4.30 × 10−2 ε1/4B,−1t−2

yr ν
−5/2
GHz d2

L,27FµJy . (14)

We take the density and velocity as fundamental variables, and
transform above limits to the limits on velocity:

v9 <




n−
p+5

2(p+11)∆Ω
− 2

p+11 F
2

p+11
DN : v < vDN ,

n−
p+5

2(5p+3)∆Ω
− 2

5p+3 F
2

5p+3 : v > vDN ,
(15)

v9 < n
1
6∆Ω−

2
3 G 2

3 . (16)

More explicitly,

v9 ! 7.20 ε̄
− 2

p+11
e,−1 ε

− p+1
2(p+11)

B,−1 n
− p+5

2(p+11)
0 t

− 6
p+11

yr ∆Ω
− 2

p+11 ν
p−1
p+11

GHz d
4

p+11
L,27 F

2
p+11
µJy ,

v9 ! 7.07 ε̄
2(1−p)
5p+3

e,−1 ε
− p+1

2(5p+3)
B,−1 n

− p+5
2(5p+3)

0 t
− 6

5p+3
yr ∆Ω

− 2
5p+3 ν

p−1
5p+3
GHz d

4
5p+3
L,27 F

2
5p+3
µJy ,

v9 ! 0.123 ε
1
6
B,−1n

1
6
0 t

− 4
3

yr ∆Ω
− 2

3 ν
− 5

3
GHzd

4
3
L,27F

2
3
µJy ,

for optically thin (v < vDN), thin (v > vDN), and thick cases, re-
spectively. We find that there is a critical velocity above which there
is two densities realizing the observed flux. For the deep-Newtonian
case, this velocity and corresponding density are given by equating
optically thin and thick condition:

n× = ∆Ω
2(p+8)
2p+13 F

6
2p+13

DN G− 2(p+11)
2p+13 (17)

# 9.61 × 103 cm−3 ∆Ω
2(p+8)
2p+13 ε̄

− 6
2p+13

e,−1 ε
− 2p+7

2p+13
B,−1 t2yrν

4
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− 4(p+8)
2p+13
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− 2(p+8)

2p+13
µJy ,

v×,9 = ∆Ω
− p+6
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2p+13
DN G

p+5
2p+13 (18)

# 0.564∆Ω−
p+6

2p+13 ε̄
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2p+13
e,−1 ε

1
2p+13
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µJy .
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Table 1. Summary of different ejecta components in TDEs. The blank (“−”) means that the parameter is what we constrain in this work by radio upper limits.

Mass Velocity Kinetic energy Solid angle Mass per solid angle Reference
Mej [M"] vin [km s−1] Ekin [erg] ∆Ω [str] Mej/∆Ω [M" str−1]

Unbound debris 0.5 # 7500 2 × 1050 0.1 5 Krolik2016,Yalinewich2019
Disk wind − ∼ 10000 − ∼ 4π − Metzger&Stone2016
Collision induced outflow − ∼ 10000 − ∼ 4π − Lu&Bonnerot2020
Jet (Conical outflow) − − − − −
Relativistic jet

Synchrotron self-absorption frequency is given by (Murase et al.
2014)

νa =
( (p − 1)π 3

2 3
p+1

2

4
enR min

[
(v/vDN)2, 1

]
γ5

mB

) 2
p+4
νm (7)

#



8.97 × 106 Hz ε̄
2

p+4
e,−1ε

p+2
2(p+4)
B,−1 n

p+6
2(p+4)
0 v

p+6
p+4

9 R
2

p+4
17 : v < vDN ,

2.10 × 108 Hz ε̄
2(p−1)
p+4

e,−1 ε
p+2

2(p+4)
B,−1 n

p+6
2(p+4)
0 v

5p−2
p+4

10 R
2

p+4
17 : vDN < v ,

where we used p = 2.5 in the second line.2It should be noted that
we ignored multiple Gamma functions, which is an order of unity.3
This formula holds only for νm < νa. In this case, the synchrotron
spectrum is given by (Piran et al. 2013)

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 .

(8)

In particular, νa is always larger than νm for relevant parameter
values. Thus we concentrate on the regimes of νm < ν < νa or
νa < ν, where the spectrum peaks at νa with

Fνa = Fνm (νa/νm)
1−p

2 (9)

#




7.49 × 10−3 µJy ε̄
5

p+4
e,−1ε

2p+3
2(p+4)
B,−1

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 ,

6.30 µJy ε̄
5(p−1)
p+4

e,−1 ε
2p+3

2(p+4)
B,−1

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

12p−7
p+4

10 R
2p+13
p+4

17
(∆Ω

4π
)
d−2

L,27 : vDN < v ,

Fν>νa = Fνa (ν/νa)
1−p

2 (10)

#




2.18 × 10−4 µJy ε̄e,−1ε
p+1

4
B,−1

n
p+5

4
0 v

p+5
2

9 R3
17
(∆Ω

4π
)
ν

1−p
2

GHzd−2
L,27 : v < vDN ,

1.96 µJy ε̄p−1
e,−1ε

p+1
4

B,−1

n
p+5

4
0 v

5p−3
2

10 R3
17
(∆Ω

4π
)
ν

1−p
2

GHzd−2
L,27 : vDN < v ,

Fν<νa = Fνa (ν/νa)
5
2 (11)

# 9.82 × 102 µJy ε−1/4
B,−1n−1/4

0 v
−1/2
9 R2

17

(
∆Ω

4π

)
ν5/2GHzd−2

L,27 .

Note that the flux density for νm < ν < νa has a common dependence
on the parameters for the both phases.

2 ͜ͷࣜͷ ε̄e,−1 ͱ β ͷႈRicci et al. (2021)ͷ Eq. (20)ͱໃ६͢Δ͕ɺ
͜ΕऀޙͰ 25 Ͱͳ͘ γ5

m ͱͯ͠͠·͍ͬͯΔ͔ΒͰ͋Δɻ
3 [Γ(p/4+ 11/6)Γ(p/4+ 1/6)Γ(p/4+ 3/2)/Γ(p/4+ 2)]2/(p+4) has a value
of 1.01 − 1.06 for p = 2 − 5.

2.1 Observational constraint

From the detection or upper limit, we can constrain parameters. We
consider that the radius is given by R # vt, which holds for most
cases, and the velocity is estimated by another consideration such as
energy conservation. Here the parameters we want to constrain are the
outflow velocity v, ISM density n, and outflow’s solid angle ∆Ω. By
using the observational upper limits, we can constrain combinations
of these parameters. For optically thin and v < vDN case,

n
p+5

4 v
p+11

2
9 ∆Ω < FDN # 6.13 × 105 ε̄−1

e,−1ε
− p+1

4
B,−1 t−3

yr ν
p−1

2
GHzd2

L,27FµJy ,

(12)

and for v > vDN case,

n
p+5

4 v
5p+3

2
9 ∆Ω < F # 3.84 × 106 ε̄1−pe,−1ε

− p+1
4

B,−1 t−3
yr ν

p−1
2

GHzd2
L,27FµJy .

(13)

For optically thick case,

n−
1
4 v

3
2
9 ∆Ω < G # 4.30 × 10−2 ε1/4B,−1t−2

yr ν
−5/2
GHz d2

L,27FµJy . (14)

We take the density and velocity as fundamental variables, and
transform above limits to the limits on velocity:

v9 <




n−
p+5

2(p+11)∆Ω
− 2

p+11 F
2

p+11
DN : v < vDN ,

n−
p+5

2(5p+3)∆Ω
− 2

5p+3 F
2

5p+3 : v > vDN ,
(15)

v9 < n
1
6∆Ω−

2
3 G 2

3 . (16)

More explicitly,

v9 ! 7.20 ε̄
− 2

p+11
e,−1 ε

− p+1
2(p+11)

B,−1 n
− p+5

2(p+11)
0 t

− 6
p+11

yr ∆Ω
− 2

p+11 ν
p−1
p+11

GHz d
4

p+11
L,27 F

2
p+11
µJy ,

v9 ! 7.07 ε̄
2(1−p)
5p+3

e,−1 ε
− p+1

2(5p+3)
B,−1 n

− p+5
2(5p+3)

0 t
− 6

5p+3
yr ∆Ω

− 2
5p+3 ν

p−1
5p+3
GHz d

4
5p+3
L,27 F

2
5p+3
µJy ,

v9 ! 0.123 ε
1
6
B,−1n

1
6
0 t

− 4
3

yr ∆Ω
− 2

3 ν
− 5

3
GHzd

4
3
L,27F

2
3
µJy ,

for optically thin (v < vDN), thin (v > vDN), and thick cases, re-
spectively. We find that there is a critical velocity above which there
is two densities realizing the observed flux. For the deep-Newtonian
case, this velocity and corresponding density are given by equating
optically thin and thick condition:

n× = ∆Ω
2(p+8)
2p+13 F

6
2p+13

DN G− 2(p+11)
2p+13 (17)

# 9.61 × 103 cm−3 ∆Ω
2(p+8)
2p+13 ε̄

− 6
2p+13

e,−1 ε
− 2p+7

2p+13
B,−1 t2yrν

4
GHzd

− 4(p+8)
2p+13

L,27 F
− 2(p+8)

2p+13
µJy ,

v×,9 = ∆Ω
− p+6

2p+13 F
1

2p+13
DN G

p+5
2p+13 (18)

# 0.564∆Ω−
p+6

2p+13 ε̄
− 1

2p+13
e,−1 ε

1
2p+13
B,−1 t−1

yr ν
−1
GHzd

2(p+6)
2p+13

L,27 F
p+6

2p+13
µJy .
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Figure 1. A schematic picture. A radio-emitting region is moving at a 
Lorentz factor ! whose direction of motion is away from the observer’s 
line of sight, θ . The emitting region has an emitting area A and volume of V . 

The observed quantities are translated from the quantities in the 
rest frame via the relativistic Doppler factor: 
δD = 1 

! ( 1 − β cos θ ) , (1) 
where β ≡

√ 
1 − 1 / ! 2 is the source velocity normalized by the 

speed of light c . Note that for a source moving precisely towards the 
observer ( θ = 0), the Doppler factor becomes δD = 2 !. Ho we ver, 
BNP13 (following Sari, Piran & Narayan 1998 ) approximated it as 
δD # ! to reflect the fact that the average δD is lower than 2 !. 1 In 
this paper, we use an exact value of δD for a given angle to see the 
of f-axis ef fect. This treatment leads to some dif ferences in numerical 
factors between our results at the limit of θ = 0 and those of BNP13. 2 

The observed peak frequency is given by the Doppler-boosted (and 
redshifted) synchrotron frequency: 
νp = δD q e Bγ 2 

e 
2 πm e c(1 + z) , (2) 

where q e is the elementary charge, B is the magnetic field (at the 
source rest frame), γ e is the Lorentz factor of electrons producing 
the radio peak, m e is the electron mass, and z is the redshift to the 
source. 

Two expressions give the peak flux density for optically thin 
and thick regimes (we describe a more detailed deri v ation in 
Appendix A ). In the optically thin regime, 3 the flux density is just 
given by the flux of a single electron with the Lorentz factor γ e 
1 Averaging the Doppler factor over the beaming cone gives 〈 δD 〉 = ∫ 1 /! 

0 d θ sin θδD / (1 − cos θ ) # (2 ln 2) ! # 1 . 4 ! for ! & 1 and θ ' 1. 
2 The exact differences between our equations and those of BNP13 are 
summarized as follows: equations ( 2 ), ( 3 ), ( 6 ), and ( 10 ) are twice larger 
than corresponding equations (10), (11), (13), and (16) of BNP13 in the limit 
of θ = 0. Equation ( 8 ) is twice smaller than equation (14), equation ( 9 ) is 
four times smaller than equation (15), equation ( 14 ) is eight times smaller 
than equation (17), and equation ( 15 ) is four times larger than equation (18) 
of BNP13. 
3 Throughout this paper, we assume that the emission is produced by non- 
thermal electrons with a power-law energy distribution (d n /d γ ∝ γ −p ) in a 
single zone. Therefore, the spectral index in the optically thin regime should 
be smaller than −0.5 so that the power-law index is p > 2. 

multiplied by the number of emitting electrons N e : 
F p = (1 + z) δ3 

D √ 
3 q 3 e BN e 

4 πd 2 L m e c 2 , (3) 
where d L is the luminosity distance to the source. We estimate the 
peak flux by the self-absorbed spectrum in the optically thick regime. 
There are potentially two cases depending on the ratio between self- 
absorption frequency νa and the characteristic synchrotron frequency 
νm (corresponding to the emitting electrons with the least energy; 
see e.g. Sari et al. 1998 ). In the case of νa > νm , the flux at νm is 
suppressed by self-absorption and the radio flux peaks at νa . The 
peak flux is given by the Rayleigh–Jeans spectrum: 
F p # (1 + z) 3 δD 2 m e γe ν2 

p A 
d 2 L , (4) 

where A is the surface area of the emitting region. In the opposite 
case of νm > νa , the flux peaks at νm which is obtained by extending 
the self-absorbed spectrum: 
F p # (1 + z) 3 δD 2 m e γe ν2 

a A 
d 2 L 

(
νp 
νa 
)1 / 3 

. (5) 
Combining the two cases, the peak flux is given by 
F p = (1 + z) 3 δD 2 m e γe ν2 

p A 
3 d 2 L η1 / 3 , (6) 

η ≡
{

1 ; νa > νm , 
νm /νa ; νa < νm , (7) 

where following BDP13 we introduced a numerical factor 3 in the 
denominator of equation ( 6 ). 

We solve equations ( 2 ), ( 3 ), and ( 6 ) to obtain γ e , N e , and B : 
γe = 3 F p d 2 L η5 / 3 ! 2 

2 πν2 
p (1 + z) 3 m e f A R 2 δD 

# 5 . 2 × 10 2 [ 
F p , mJy d 2 L , 28 η5 / 3 
νp , 10 (1 + z) 3 

] 
! 2 

f A R 2 17 δD , (8) 
N e = 9 c F 3 p d 6 L η10 / 3 ! 4 

2 √ 
3 π2 q 2 e m 2 e ν5 

p (1 + z) 8 f 2 A R 4 δ4 
D 

# 4 . 1 × 10 54 [ 
F 3 p , mJy d 6 L , 28 η10 / 3 
ν5 

p , 10 (1 + z) 8 
] 

! 4 
f 2 A R 4 17 δ4 

D , (9) 
B = 8 π3 m 3 e cν5 

p (1 + z) 7 f 2 A R 4 δD 
9 q e F 2 p d 4 L η10 / 3 ! 4 

# 1 . 3 × 10 −2 G [ 
ν5 

p , 10 (1 + z) 7 
F 2 p , mJy d 4 L , 28 η10 / 3 

] 
f 2 A R 4 17 δD 

! 4 , (10) 
where we use the convention Q x = Q /10 x (cgs) except for the flux 
density F p,mJy = F p /mJy. The emitting area is measured in units of a 
surface area of a sphere with a radius R , subtending a solid angle of 
π / ! 2 . We define an area-filling factor following BNP13: 
f A ≡ A/ (πR 2 / ! 2 ) . (11) 
A volume-filling factor is also defined by measuring the emitting 
volume in units of a typical volume of a relativistic shell, i.e. a shell 
with a radius R , width R / ! 2 , and solid angle of π / ! 2 : 
f V = V / (πR 3 / ! 4 ) . (12) 
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֯ Ωʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons  Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫεిͨ͋ࢠΓͷ์ࣹ Pνp !

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘पྖҬͰ

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

! (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ͔Βೋߦʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜ΕҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔʹΑ
ΒͣৗʹΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝·ͩͪΌΜͱௐ͍ͯͳ͍͕ɺӈลʹ additional
ͳ factor 3͕ͭ͘ɻνa ͰͷϑϥοΫε Eq (B41)ͱ ηΛ༻͍ͯ

Fνa,BB =

{
(1 + z)32ν2pmeγe( fAπR2/d2

L)η
−2 : νa < νm ,

(1 + z)32ν2pmeγe( fAπR2/d2
L) : νa > νm ,

(B44)

= (1 + z)32ν2pmeγe( fAπR2/d2
L)η

−2 , (B45)

ͱͳΔɻ͜͜Ͱ์ࣹମͷࣹӨ͕ԁ͔ΒͣΕΔ߹Λྀͦͯ͠ߟ
ͷζϨΛ fAΛಋೖͨ͠ɻશͳΔٿମͰ؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰͪΖΜ fA = 1Ͱ͋Δɻ16Ҏ্ΑΓɺEqs. (B38), (B39),
(B43), and (B45)Λ༻͍Δ͜ͱͰ

γe =
3Fpd2

Lη
5/3

2πν2p (1 + z)3me fAR2 (B46)

! 5.24 × 102 Fp,mJyd2
L,28ν

−2
p,10(1 + z)−3η5/3 f −1

A R−2
17 , (B47)

Ne =
9cF3

p d6
Lη

10/3

8
√

3π2e2m2
e ν

5
p (1 + z)8 f 2

AR4
(B48)

! 1.03 × 1054 F3
p,mJyd6

L,28ν
−5
p,10(1 + z)−8η10/3 f −2

A R−4
17 , (B49)

B =
8π3m3

e cν5p (1 + z)7 f 2
AR4

9eF2
p d4

Lη
10/3 (B50)

! 1.30 × 10−2 G F−2
p,mJyd−4

L,28ν
5
p,10(1 + z)7η−10/3 f 2

AR4
17 , (B51)

14 ΔͷͰ͍ͯ͑ߟจͰ૬ରతΞτϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ରతݶۃͰ Γ→ 1Ͱ Ω→ π ͱͳΔͷͰ༨
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜRybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉతʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔)ɻ(2) ͷ߸Ͱ࣍ intensity ͷมଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Εਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) จͰཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͕ͩɺࠓ์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ Ω Λఆٛ͢Δͷ͔ͳΓ͍͠ɻ

ͱܘͷؔͱͯ͠ٻΊΒΕΔɻ͜͜ͰɺݪจͱදݱΛҰக
ͤ͞ΔͨΊʹ Eq. (B39) Ͱ Ω = π ͱͨ͠ɻ͜ΕΑΓɺిࢠͱ࣓
ͷΤωϧΪʔ͕

Ee = Nemec2γe =
27c3F4

p d8
Lη

5

16
√

3π3e2m2
e ν

7
p (1 + z)11 f 3

AR6
(B52)

! 4.44 × 1050 erg F4
p,mJyd8

L,28ν
−7
p,10(1 + z)−11η5 f −3

A R−6
17 , (B53)

EB =
B2

8π π fVR3 =
8π5m6

e c2ν10
p (1 + z)14 f 4

A(π fV)R11

81e2F4
p d8

Lη
20/3 (B54)

! 6.75 × 1045 erg F−4
p,mJyd−8

L,28ν
10
p,10(1 + z)14η−20/3 f 4

AR11
17(π fV) ,

(B55)

ͱͳΔɻ͜͜Ͱ์ࣹମͷମੵΛ π fVR3 ͱఆٛͨ͠ɻ์ࣹମͷཱ
ମ֯Λ Ωͱ͢Δ߹ɺ fV = Ω/(3π)ͷؔʹ͋Δɻٿମͷ߹
 Ω = 4π and fV = 4/3Ͱ͋Δɻ
ͯ͞ɺ์ࣹʹؔΘΔిࢠͱ࣓ͷΤωϧΪʔͦΕͧΕ Rͷ

গɺ૿ՃؔͰ͋Γɺͦͷґଘੑͱͯେ͖͍͜ͱ͕Θ͔ݮ
ΔɻΑͬͯɺ͜ΕΒͷ͕࠷খʹͳΔ࣮ݱ͕ܘతͳܘͷ
Λ༩͑Δͱ͑ߟΔɻࡶͳࢉܭͷޙʹ

E = Ee + EB = Eeq

[
11
17

(
R

Req

)−6
+

6
17

(
R

Req

)11]
, (B56)

Req =
( 38cF8

p d16
L η

35/3

26 · 11
√

3π8m8
e ν

17
p (1 + z)25 f 7

A(π fV)

)1/17
(B57)

! 1.85 × 1017 cm F
8
17

p,mJyd
16
17
L,28ν

−1
p,10(1 + z)− 25

17 η
35
51 f

− 7
17

A (π fV)−
1
17 ,

(B58)

Eeq =
( 1717c45m14

e F20
p d40

L η
15(π fV)6

232 · 32 · 1111√3π3e34ν17
p (1 + z)37 f 9

A

)1/17
(B59)

! 1.69 × 1049 erg F
20
17

p,mJyd
40
17
L,28ν

−1
p,10(1 + z)− 37

17 η
15
17 f

− 9
17

A (π fV)
6
17 ,

(B60)

ͱٻΊΒΕΔɻલઅͷChevalier (1998)ͷํ๏ͱ͜ͷ͕ҧ͏͜
ͱʹҙ͢ΔɻChevalierͷํ๏Ͱ equipartitionΛԾఆͯ͠৽ͨ
ͳύϥϝʔλ εe and εBΛಋೖ͍ͯ͠Δ͕ɺ͜ ͜ͰΤωϧΪʔ࠷
খͱ͍͏݅Λ༻͍ͯܘΛಋग़͍ͯ͠Δɻ͔͠͠ɺ͜ͷ͕݅
ຬͨ͞ΕΔͱ͖ͷిࢠͱ࣓ͷΤωϧΪʔͷൺ EB/Ee = 6/11
ͱͳ͓ͬͯΓɺ͜Ε Eq. (B29)ʹ͓͍ͯ εB/εe = 6/11ͱ༩͑
͍ͯΔ͜ͱͱՁͰ͋Δɻ
ΤωϧΪʔ͕࠷খʹͳ͍ͬͯͳ͍߹ (εB/εe ! 6/11)ͷܘ

ͱΤωϧΪʔͷੵݟΓ࣍ͷΑ͏ʹม͞ߋΕΔɻҙͷ εB and
εe ʹରͯ͠ରԠ͢Δܘ εB/εe = EB/Ee = 6

11 (R/Req)17 ͔Β

R = ε
1
17 Req where ε ≡ 11εB/6εe,ͱ͔ۇʹม͞ߋΕΔɻҰํͰର

Ԡ͢ΔΤωϧΪʔ E = Eeq
( 11
17ε

− 6
17 + 6

17ε
11
17
)
ͱ૿Ճ͢Δɻ

͜͜·ͰϑϥοΫεͷϐʔΫΛ୲͏ిࢠͷΤωϧΪʔ Ee ʹ
͍͕ؔͯٞͯͨ͠͠ɺ૬ରతిࢠશମͷΤωϧΪʔҟͳΔ
߹͕͋Γ (νa > νm)ɺࢉܭΛิਖ਼͢Δඞཁ͕͋Δɻ૬ରతిࢠ
ͷ΄ͱΜͲͷΤωϧΪʔ νmʹରԠ͢Δి͕ࢠ୲͏ͷͰ νp = νm
ͷ߹ิਖ਼ඞཁͳ͍͕ɺνp = νa ͷ߹ (γm/γe)2−p ͷิ
ਖ਼߲Λ Ee ʹ͔͚ͨͷ͕૬ରతిࢠͷશΤωϧΪʔͰ͋Δɻ
Αͬͯ͜ͷిࢠΤωϧΪʔΛ࠷ྀͯ͠ߟখԽ͢Δඞཁ͕͋Δɻݪ
จͰిࢠΤωϧΪʔʹՃ͞ΕΔ ∝ R2(2−p)ͷґଘੑΛແࢹ
͠ɺequipartitionܘͰґવͱͯ͠ EB/Ee = 6/11ཱ͕͢Δ
ͱͯ͠ Req (Eq. 27) and Eeq (Eq. 28)ΛٻΊ͍ͯΔɻ͜ͷՃ͞
ΕΔ RґଘੑΛແͨ͠ࢹॲํҎԼͰݟΔΑ͏ʹ͔ͳΓਖ਼֬ͳ
Λ༩͍͑ͯΔɻ࣮ࡍʹΤωϧΪʔ͕࠷খΛͱΔͱ͖Τωϧ
Ϊʔͷൺ EB/Ee = 6

11 (
3

p+1 )ͱͳ͓ͬͯΓɺܘͱΤωϧΪʔ
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֯ Ωʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons  Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫεిͨ͋ࢠΓͷ์ࣹ Pνp !

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘पྖҬͰ

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

! (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ͔Βೋߦʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜ΕҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔʹΑ
ΒͣৗʹΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝·ͩͪΌΜͱௐ͍ͯͳ͍͕ɺӈลʹ additional
ͳ factor 3͕ͭ͘ɻνa ͰͷϑϥοΫε Eq (B41)ͱ ηΛ༻͍ͯ

Fνa,BB =

{
(1 + z)32ν2pmeγe( fAπR2/d2

L)η
−2 : νa < νm ,

(1 + z)32ν2pmeγe( fAπR2/d2
L) : νa > νm ,

(B44)

= (1 + z)32ν2pmeγe( fAπR2/d2
L)η

−2 , (B45)

ͱͳΔɻ͜͜Ͱ์ࣹମͷࣹӨ͕ԁ͔ΒͣΕΔ߹Λྀͦͯ͠ߟ
ͷζϨΛ fAΛಋೖͨ͠ɻશͳΔٿମͰ؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰͪΖΜ fA = 1Ͱ͋Δɻ16Ҏ্ΑΓɺEqs. (B38), (B39),
(B43), and (B45)Λ༻͍Δ͜ͱͰ

γe =
3Fpd2

Lη
5/3

2πν2p (1 + z)3me fAR2 (B46)

! 5.24 × 102 Fp,mJyd2
L,28ν

−2
p,10(1 + z)−3η5/3 f −1

A R−2
17 , (B47)

Ne =
9cF3

p d6
Lη

10/3

8
√

3π2e2m2
e ν

5
p (1 + z)8 f 2

AR4
(B48)

! 1.03 × 1054 F3
p,mJyd6

L,28ν
−5
p,10(1 + z)−8η10/3 f −2

A R−4
17 , (B49)

B =
8π3m3

e cν5p (1 + z)7 f 2
AR4

9eF2
p d4

Lη
10/3 (B50)

! 1.30 × 10−2 G F−2
p,mJyd−4

L,28ν
5
p,10(1 + z)7η−10/3 f 2

AR4
17 , (B51)

14 ΔͷͰ͍ͯ͑ߟจͰ૬ରతΞτϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ରతݶۃͰ Γ→ 1Ͱ Ω→ π ͱͳΔͷͰ༨
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜRybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉతʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔)ɻ(2) ͷ߸Ͱ࣍ intensity ͷมଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Εਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) จͰཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͕ͩɺࠓ์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ Ω Λఆٛ͢Δͷ͔ͳΓ͍͠ɻ

ͱܘͷؔͱͯ͠ٻΊΒΕΔɻ͜͜ͰɺݪจͱදݱΛҰக
ͤ͞ΔͨΊʹ Eq. (B39) Ͱ Ω = π ͱͨ͠ɻ͜ΕΑΓɺిࢠͱ࣓
ͷΤωϧΪʔ͕

Ee = Nemec2γe =
27c3F4

p d8
Lη

5

16
√

3π3e2m2
e ν

7
p (1 + z)11 f 3

AR6
(B52)

! 4.44 × 1050 erg F4
p,mJyd8

L,28ν
−7
p,10(1 + z)−11η5 f −3

A R−6
17 , (B53)

EB =
B2

8π π fVR3 =
8π5m6

e c2ν10
p (1 + z)14 f 4

A(π fV)R11

81e2F4
p d8

Lη
20/3 (B54)

! 6.75 × 1045 erg F−4
p,mJyd−8

L,28ν
10
p,10(1 + z)14η−20/3 f 4

AR11
17(π fV) ,

(B55)

ͱͳΔɻ͜͜Ͱ์ࣹମͷମੵΛ π fVR3 ͱఆٛͨ͠ɻ์ࣹମͷཱ
ମ֯Λ Ωͱ͢Δ߹ɺ fV = Ω/(3π)ͷؔʹ͋Δɻٿମͷ߹
 Ω = 4π and fV = 4/3Ͱ͋Δɻ
ͯ͞ɺ์ࣹʹؔΘΔిࢠͱ࣓ͷΤωϧΪʔͦΕͧΕ Rͷ

গɺ૿ՃؔͰ͋Γɺͦͷґଘੑͱͯେ͖͍͜ͱ͕Θ͔ݮ
ΔɻΑͬͯɺ͜ΕΒͷ͕࠷খʹͳΔ࣮ݱ͕ܘతͳܘͷ
Λ༩͑Δͱ͑ߟΔɻࡶͳࢉܭͷޙʹ

E = Ee + EB = Eeq

[
11
17

(
R

Req

)−6
+

6
17

(
R

Req

)11]
, (B56)

Req =
( 38cF8

p d16
L η

35/3

26 · 11
√

3π8m8
e ν

17
p (1 + z)25 f 7

A(π fV)

)1/17
(B57)

! 1.85 × 1017 cm F
8
17

p,mJyd
16
17
L,28ν

−1
p,10(1 + z)− 25

17 η
35
51 f

− 7
17

A (π fV)−
1
17 ,

(B58)

Eeq =
( 1717c45m14

e F20
p d40

L η
15(π fV)6

232 · 32 · 1111√3π3e34ν17
p (1 + z)37 f 9

A

)1/17
(B59)

! 1.69 × 1049 erg F
20
17

p,mJyd
40
17
L,28ν

−1
p,10(1 + z)− 37

17 η
15
17 f

− 9
17

A (π fV)
6
17 ,

(B60)

ͱٻΊΒΕΔɻલઅͷChevalier (1998)ͷํ๏ͱ͜ͷ͕ҧ͏͜
ͱʹҙ͢ΔɻChevalierͷํ๏Ͱ equipartitionΛԾఆͯ͠৽ͨ
ͳύϥϝʔλ εe and εBΛಋೖ͍ͯ͠Δ͕ɺ͜ ͜ͰΤωϧΪʔ࠷
খͱ͍͏݅Λ༻͍ͯܘΛಋग़͍ͯ͠Δɻ͔͠͠ɺ͜ͷ͕݅
ຬͨ͞ΕΔͱ͖ͷిࢠͱ࣓ͷΤωϧΪʔͷൺ EB/Ee = 6/11
ͱͳ͓ͬͯΓɺ͜Ε Eq. (B29)ʹ͓͍ͯ εB/εe = 6/11ͱ༩͑
͍ͯΔ͜ͱͱՁͰ͋Δɻ
ΤωϧΪʔ͕࠷খʹͳ͍ͬͯͳ͍߹ (εB/εe ! 6/11)ͷܘ

ͱΤωϧΪʔͷੵݟΓ࣍ͷΑ͏ʹม͞ߋΕΔɻҙͷ εB and
εe ʹରͯ͠ରԠ͢Δܘ εB/εe = EB/Ee = 6

11 (R/Req)17 ͔Β

R = ε
1
17 Req where ε ≡ 11εB/6εe,ͱ͔ۇʹม͞ߋΕΔɻҰํͰର

Ԡ͢ΔΤωϧΪʔ E = Eeq
( 11
17ε

− 6
17 + 6

17ε
11
17
)
ͱ૿Ճ͢Δɻ

͜͜·ͰϑϥοΫεͷϐʔΫΛ୲͏ిࢠͷΤωϧΪʔ Ee ʹ
͍͕ؔͯٞͯͨ͠͠ɺ૬ରతిࢠશମͷΤωϧΪʔҟͳΔ
߹͕͋Γ (νa > νm)ɺࢉܭΛิਖ਼͢Δඞཁ͕͋Δɻ૬ରతిࢠ
ͷ΄ͱΜͲͷΤωϧΪʔ νmʹରԠ͢Δి͕ࢠ୲͏ͷͰ νp = νm
ͷ߹ิਖ਼ඞཁͳ͍͕ɺνp = νa ͷ߹ (γm/γe)2−p ͷิ
ਖ਼߲Λ Ee ʹ͔͚ͨͷ͕૬ରతిࢠͷશΤωϧΪʔͰ͋Δɻ
Αͬͯ͜ͷిࢠΤωϧΪʔΛ࠷ྀͯ͠ߟখԽ͢Δඞཁ͕͋Δɻݪ
จͰిࢠΤωϧΪʔʹՃ͞ΕΔ ∝ R2(2−p)ͷґଘੑΛແࢹ
͠ɺequipartitionܘͰґવͱͯ͠ EB/Ee = 6/11ཱ͕͢Δ
ͱͯ͠ Req (Eq. 27) and Eeq (Eq. 28)ΛٻΊ͍ͯΔɻ͜ͷՃ͞
ΕΔ RґଘੑΛແͨ͠ࢹॲํҎԼͰݟΔΑ͏ʹ͔ͳΓਖ਼֬ͳ
Λ༩͍͑ͯΔɻ࣮ࡍʹΤωϧΪʔ͕࠷খΛͱΔͱ͖Τωϧ
Ϊʔͷൺ EB/Ee = 6

11 (
3

p+1 )ͱͳ͓ͬͯΓɺܘͱΤωϧΪʔ
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֯ Ωʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons  Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫεిͨ͋ࢠΓͷ์ࣹ Pνp !

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘पྖҬͰ

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

! (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ͔Βೋߦʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜ΕҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔʹΑ
ΒͣৗʹΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝·ͩͪΌΜͱௐ͍ͯͳ͍͕ɺӈลʹ additional
ͳ factor 3͕ͭ͘ɻνa ͰͷϑϥοΫε Eq (B41)ͱ ηΛ༻͍ͯ

Fνa,BB =

{
(1 + z)32ν2pmeγe( fAπR2/d2

L)η
−2 : νa < νm ,

(1 + z)32ν2pmeγe( fAπR2/d2
L) : νa > νm ,

(B44)

= (1 + z)32ν2pmeγe( fAπR2/d2
L)η

−2 , (B45)

ͱͳΔɻ͜͜Ͱ์ࣹମͷࣹӨ͕ԁ͔ΒͣΕΔ߹Λྀͦͯ͠ߟ
ͷζϨΛ fAΛಋೖͨ͠ɻશͳΔٿମͰ؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰͪΖΜ fA = 1Ͱ͋Δɻ16Ҏ্ΑΓɺEqs. (B38), (B39),
(B43), and (B45)Λ༻͍Δ͜ͱͰ

γe =
3Fpd2

Lη
5/3

2πν2p (1 + z)3me fAR2 (B46)

! 5.24 × 102 Fp,mJyd2
L,28ν

−2
p,10(1 + z)−3η5/3 f −1

A R−2
17 , (B47)

Ne =
9cF3

p d6
Lη

10/3

8
√

3π2e2m2
e ν

5
p (1 + z)8 f 2

AR4
(B48)

! 1.03 × 1054 F3
p,mJyd6

L,28ν
−5
p,10(1 + z)−8η10/3 f −2

A R−4
17 , (B49)

B =
8π3m3

e cν5p (1 + z)7 f 2
AR4

9eF2
p d4

Lη
10/3 (B50)

! 1.30 × 10−2 G F−2
p,mJyd−4

L,28ν
5
p,10(1 + z)7η−10/3 f 2

AR4
17 , (B51)

14 ΔͷͰ͍ͯ͑ߟจͰ૬ରతΞτϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ରతݶۃͰ Γ→ 1Ͱ Ω→ π ͱͳΔͷͰ༨
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜRybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉతʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔)ɻ(2) ͷ߸Ͱ࣍ intensity ͷมଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Εਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) จͰཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͕ͩɺࠓ์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ Ω Λఆٛ͢Δͷ͔ͳΓ͍͠ɻ

ͱܘͷؔͱͯ͠ٻΊΒΕΔɻ͜͜ͰɺݪจͱදݱΛҰக
ͤ͞ΔͨΊʹ Eq. (B39) Ͱ Ω = π ͱͨ͠ɻ͜ΕΑΓɺిࢠͱ࣓
ͷΤωϧΪʔ͕

Ee = Nemec2γe =
27c3F4

p d8
Lη

5

16
√

3π3e2m2
e ν

7
p (1 + z)11 f 3

AR6
(B52)

! 4.44 × 1050 erg F4
p,mJyd8

L,28ν
−7
p,10(1 + z)−11η5 f −3

A R−6
17 , (B53)

EB =
B2

8π π fVR3 =
8π5m6

e c2ν10
p (1 + z)14 f 4

A(π fV)R11

81e2F4
p d8

Lη
20/3 (B54)

! 6.75 × 1045 erg F−4
p,mJyd−8

L,28ν
10
p,10(1 + z)14η−20/3 f 4

AR11
17(π fV) ,

(B55)

ͱͳΔɻ͜͜Ͱ์ࣹମͷମੵΛ π fVR3 ͱఆٛͨ͠ɻ์ࣹମͷཱ
ମ֯Λ Ωͱ͢Δ߹ɺ fV = Ω/(3π)ͷؔʹ͋Δɻٿମͷ߹
 Ω = 4π and fV = 4/3Ͱ͋Δɻ
ͯ͞ɺ์ࣹʹؔΘΔిࢠͱ࣓ͷΤωϧΪʔͦΕͧΕ Rͷ

গɺ૿ՃؔͰ͋Γɺͦͷґଘੑͱͯେ͖͍͜ͱ͕Θ͔ݮ
ΔɻΑͬͯɺ͜ΕΒͷ͕࠷খʹͳΔ࣮ݱ͕ܘతͳܘͷ
Λ༩͑Δͱ͑ߟΔɻࡶͳࢉܭͷޙʹ

E = Ee + EB = Eeq

[
11
17

(
R

Req

)−6
+

6
17

(
R
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)11]
, (B56)

Req =
( 38cF8

p d16
L η

35/3

26 · 11
√

3π8m8
e ν

17
p (1 + z)25 f 7

A(π fV)

)1/17
(B57)

! 1.85 × 1017 cm F
8
17

p,mJyd
16
17
L,28ν

−1
p,10(1 + z)− 25
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Jetted TDEs: Radio analysis
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star approached the supermassive black hole (SMBH) on a nearly para-
bolic trajectory and was ripped apart into a stream of gaseous debris. 
About half of the mass stayed bound to the black hole, underwent 
general-relativistic apsidal precession as the gas fell back towards 
the pericentre, and then produced strong shocks at the self-crossing 
point19. The shocked gas then circularized to form an accretion disk 
around the black hole the rapid spin of which generated a pair of rela-
tivistic jets20. The high X-ray luminosity (Fig. 2a) and flux variability on 
a timescale of tvar ≈ 1 h (refs. 21,22) suggest that the X-rays were generated 
by internal dissipation within the jet at a distance of less than 2tvarΓ2c ≈ 
0.01 pc (tvar/h)(Γ/10)2 from the black hole and that our line of sight was 
within the relativistic beaming cone of the jet, as was also the case for 
Swift J1644+57. Here, Γ ≈ 10 is the jet Lorentz factor (as constrained by 
the radio spectrum, see Methods section ‘Relativistic evolution of the 
radio source’) and c is the speed of light. The jet power of AT2022cmc 
inferred from X-ray observations is consistent with being generated by 
the Penrose–Blandford–Żnajek mechanism in a magnetically arrested 

disk23. Under this mechanism, we infer from the jet power that the SMBH 
is rapidly rotating with a spin parameter a ≳ 0.3 for AT2022cmc and 
a ≳ 0.7 for Swift J1644+57. We conclude that a high spin is probably 
required to launch a relativistic jet.

The optical and ultraviolet observations revealed a fast-fading red 
‘flare’ (approximately 1 d) that transitioned quickly to a slow blue  
‘plateau’, enabling the study of two components generated by the tidal 
disruption: the relativistic jet and the thermal component from bound 
stellar debris accreting onto the black hole. The fast-fading red com-
ponent can be explained as follows. As the jet, which carried 1053 to 
1054 erg of isotropic-equivalent energy, propagated to large distances 
of rdec ≈ 0.2 pc, it was greatly decelerated by driving a forward shock 
into the surrounding gas of hydrogen with number density of the order 
1 cm−3 (see Methods). At the same time, a reverse shock was propagating 
into the jet material, similar to cosmological GRBs24. Electrons were 
accelerated to relativistic speeds by these shocks and then produced 
synchrotron emission at wavelengths of radio/millimetre to X-ray.  
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Fig. 2 | AT2022cmc is among the most luminous extragalactic transients 
ever observed. a, Comparison between the X-ray observations of AT2022cmc, 
the jetted TDE candidates Swift J1644+57 and Swift J2058+05, GRBs, and 
luminous fast blue optical transients (LFBOTs). The onset time is here set to the 
first ZTF detection, but its true value is poorly constrained. b, Submillimeter 
Array (SMA) millimetre light curve of AT2022cmc compared to light curves  
of millimetre-bright cosmic explosions at similar frequencies (frequencies 
provided in the rest frame): long-duration γ-ray bursts (LGRBs), low-luminosity 
GRBs (LLGRBs), LFBOTs, core-collapse supernovae (CC SN) and TDEs.  

c, Comparison between the optical light curve of AT2022cmc K-corrected to 
r-band (see Methods section ‘Comparison between AT2022cmc and other 
energetic transients’), the light curves of GRB afterglows, and the light curve  
of the prototypical LFBOT AT2018cow. d, Radio to X-ray spectral energy 
distribution (SED). A change in the shape of the SED is especially evident in the 
optical/UV between 2022 February 16 and March 09–13 (2 days, 5 days, and  
12–14 days in the rest frame from the first detection), suggesting a transition 
between two different emission components.

What can we learn?
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Table 2. Model parameters for the synchrotron light curve. 
Parameter Value 
n 17 : density of external medium at 10 17 cm 200 cm −3 
k : power-law slope of radial density profile 1.8 
θ j : jet half-opening angle 0.15 
E j,iso : isotropic jet energy 4 × 10 53 erg 
" 0 : initial Lorentz factor of shocked gas 5 
p : slope of the electron energy distribution 2.9 
ε e : energy fraction of non-thermal electrons 0.2 
ε B : energy fraction of magnetic field 0.002 

Figure 3. Synchrotron light-curve model (lines) fit to the optical/radio data 
(circles) for AT 2022cmc, considering only emission from the FS. The late- 
time r band ( ! 5 d) likely arises from a separate thermal emission component 
unrelated to the FS, similar to that observed in Swift J2058 + 05 and other 
optically selected TDEs. The parameters of the model are given in Table. 2 . 
(e.g. Granot & Sari 2002 ): 
νL ν p= 2 . 6 

# 9 . 1 × 10 45 erg s −1 ε p−1 
e , −1 ε p−2 

4 
B , −3 E p+ 2 

4 
j , iso , 53 θ2 

j , −1 
(

" 0 
5 
)2 (

t 
day 

) 2 −3 p 
4 (

1 + z 
2 . 19 

) 4 −p 
2 (

ν

5 × 10 14 Hz 
)− p 

2 
, (7) 

where the numerical values are calculated for p = 2.6 and have 
taken into account the suppression factor ( "θ j ) 2 given the angular 
size of the emitting region πθ2 

j for θ j < 1/ ". The agreement between 
these predictions and the observed optical flux provides a consistency 
check on the FS model. 
3.2 Light-cur v e calculation 
Guided by the preliminary considerations in the previous section, 
we model the light curve of AT 2022cmc assuming the radio and 
early optical emission both originate from the decelerating FS. The 
synchrotron light curve is calculated in the same manner as outlined 
in Bruni et al. ( 2021 ) and Ricci et al. ( 2021 ), but we adopt the 
prescription of Granot & Sari ( 2002 ) to smooth the spectrum and 
introduce the suppression factor ( "θ j ) 2 on the flux to account for the 
finite emitting size of the jet, as mentioned abo v e. The parameters 
of the model are summarized in Table 2 , with several of their values 
already moti v ated by the analysis in the pre vious section. 

Fig. 3 depicts a light-curve model that reasonably reproduces the 
radio and optical data, which we show for comparison with circles. 
The adopted parameter values of this model (Table 2 ) were found 

Figure 4. Optical light curves for AT 2022cmc compared to our synchrotron 
afterglow model. The right vertical axis denotes the luminosity for r band. 
The luminosities at g and i bands are roughly 1.34 and 0.88 times larger than 
the r -band luminosity. 

Figure 5. Radio spectrum of AT 2022cmc at each epoch (times measured 
in the observer frame from Andreoni et al. 2022 ) compared to our model 
predictions. 
heuristically by exploring values around those hinted by the equipar- 
tition analysis, rather than through a systematic parameter scan. Fig. 4 
shows just the optical data, now broken down into separate colours. 
As already mentioned, the light curve is comprised of two parts: 
an early red peak followed by blue plateau (Andreoni et al. 2022 ; 
Pasham et al. 2022 ). In so far as the late plateau ( ! 5 d) is better 
described as thermal emission of temperature # (2 − 4) × 10 4 K 
similar to optical TDEs (van Velzen et al. 2021 ; Hammerstein et al. 
2023 ), we ignore this component and focus on fitting just the early 
peak phase. 

Figs 5 and 6 sho w, respecti vely, the radio spectrum of the model 
and the data at each epoch and the time evolution of key synchrotron 
break frequencies. Although our fa v oured model largely agrees with 
the observations (within a factor of a few) at most epochs, there is 
a noticeable discrepancy in the late-time spectrum near day 45.3. 
Around ∼100 GHz, our theoretical spectrum underestimates the 
observed flux by a factor of 3–4. We speculate that this excess 
could reflect additional contributions to the observed emission from 
different angular portions of the jet FS not captured by our one-zone 
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programme. The data were processed by our multimessenger pipe-
line (Methods), which performs searches for extragalactic transients 
in spatial and temporal coincidence with high-energy neutrinos4, 
and the radio-emitting tidal disruption event (TDE) AT2019dsg 
was identified as a candidate neutrino source.

TDEs are rare transients that occur when stars pass close to 
supermassive black holes. Studies have suggested that TDEs are 
sources of high-energy neutrinos and ultra-high-energy cosmic  
rays5–7; this holds in particular for the subset of TDEs with  
relativistic particle jets8–11. Those TDEs with non-thermal emis-
sion are considered the most likely to be sources of high-energy 
neutrinos. AT2019dsg was thus quickly identified as a promis-
ing candidate neutrino source12. Given that there are typically ≲2 
radio-emitting TDEs in the entire northern sky at any one time, 
we find that in the 80 sq. deg. of sky observed during the eight 
neutrino follow-up campaigns by ZTF up to March 2020 the 
probability of finding a radio-detected TDE–neutrino association 
by chance is <0.5%. With the second-highest bolometric energy 
flux of all 17 TDEs detected by ZTF, the probability of finding a 
TDE at least as bright as AT2019dsg by chance is just 0.2%. These 
calculations are valid for any isotropic distribution, and therefore 
quantify the probability that the AT2019dsg–IC191001A associa-
tion would arise from atmospheric backgrounds. Our programme 
targets four neutrino population hypotheses13, of which the great-
est sensitivity is for TDEs (Methods). Thus, although not directly 
reflected in the calculation, the impact of multiple hypothesis tests 
on these estimates would be modest. While an atmospheric origin 
for the IC191001A–AT2019dsg association cannot be excluded, 
the improbability of chance temporal and spatial coincidence 
substantially reinforces the independent energy-based evidence 
of an astrophysical origin for IC191001A, and indicates that any 
atmospheric origin is unlikely.

AT2019dsg was discovered14 by ZTF on 2019 April 9, and 
was classified as a TDE on the basis of its optical spectrum15 (see 
Extended Data Fig. 1). This spectrum showed a redshift of z = 0.051, 
implying a luminosity distance DL ≈ 230 Mpc assuming a flat cos-
mology with ΩΛ = 0.7 and H0 = 70 km s−1 Mpc−1. The optical/UV 
continuum of AT2019dsg is well described by a single blackbody 
photosphere with a near-constant temperature16 of 104.59±0.02 K and 
radius of 1014.59±0.03 cm. The peak luminosity of 1044.54±0.08 erg s−1 is in 
the top 10% of the 40 known optical TDEs to date16, and the tem-
perature is in the top 5%. The late-time evolution is consistent with 
the rapid formation of an accretion disk17,18 (Fig. 1), which would be 
expected on these relatively short timescales for disruptions around 
higher-mass supermassive black holes. Indeed the total mass of the 
host galaxy of AT2019dsg is in the top 10% of all optical TDE hosts. 
Assuming that 50% of the host mass is in the bulge, we estimate19 a 
black hole mass of ~3 × 107 M⊙.

AT2019dsg was also detected in X-rays, beginning 37 d after dis-
covery (Fig 1, see also Extended Data Fig. 2). Though the first X-ray 
observation indicated a bright source, with a high X-ray to optical  
ratio of LX/Lopt ≈ 0.1, this X-ray flux faded extremely rapidly, as 
shown in Fig. 1. This rate of decline is unprecedented, with at least 
a factor of 50 decrease in X-ray flux over a period of 159 d. Similarly 
to the optical/UV emission, the observed X-ray spectrum is consis-
tent with thermal emission, but from a blackbody of temperature 
105.9 K (0.072 ± 0.005 keV) and, assuming emission from a circular 
disk, a radius of ~2 × 1011 cm (see Extended Data Fig. 3). As for most 
X-ray-detected TDEs20–22, the blackbody radius appears to be much 
smaller than the Schwarzschild radius (RS ≈ 1013 cm) inferred from 
the galaxy scaling relation19. X-ray emission is generally expected 
to arise close to the Schwarzschild radius. Small emitting areas can 
arise from an edge-on orientation, because the relativistic veloci-
ties at the inner disk can Doppler boost a large area of the disk out 
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Fig. 1 | Multiwavelength lightcurve of AT2019dsg. a, The optical photometry in bands g and r from ZTF (in green and red, respectively), alongside UV 
observations in bands UVW2, UVM2, UVW1 and U from the Neil Gehrels Swift Observatory (Swift)-UVOT (Ultraviolet/Optical Telescope) (in pink, violet, 
navy and blue, respectively). The left axis shows νFν, where Fν is the spectral flux density at frequency ν, while the right axis shows νLν, where Lν is the 
luminosity at frequency ν. The late-time UV observations show an apparent plateau, which is not captured by a single-power-law decay. The dashed pink 
line illustrates a canonical t−5/3 power law, while the dotted pink line illustrates an exponentially decaying lightcurve. Neither model describes the UV data 
well. b, The integrated X-ray energy flux, from observations with Swift-XRT (X-Ray Telescope) and XMM-Newton, in the energy range 0.3–10!keV. Arrows 
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Fig. 1 Literature TDE radio observations. To date, nine TDEs have published radio detections: Sw J1644+57,
Sw J2058+05, Sw J1112-82, IGR J12580+0134, ASASSN-14li, XMMSL1 J0740-85, Arp 299-B AT1, CNSS
J0019+00, and AT2019dsg (colored circles; see Table 1 and references therein). Although most of the detected
TDEs were observed at multiple frequencies, for simplicity we show only a single frequency for each event
(8.4 GHz for Arp 299-B AT1 and AT2019dsg, 5 GHz for all others). An additional 23 events have published
upper limits (gray triangles; a key to the labels is given in the first column of Table 2). When a non-detected
TDE was observed at multiple frequencies on the same date, we show only the most constraining limit. All
upper limits are 3σ

to estimate the physical size of the emitting region, the kinetic energy of the outflow, and
other physical properties (the outflow velocity, the ambient density, the average magnetic
field strength, etc.) even if only part of the synchrotron spectrum is observed (preferably
including the peak). The energy thus obtained is a lower bound on the total energy, which
can be much larger if the source is not exactly in equipartition, while the size of the emitting
region is more robust. Multi-frequency radio observations are preferred for this technique,
to constrain the peak frequency and flux density of the radio emission and their temporal
evolution. Calculating the size evolution of the emitting region allows us to infer when the
outflow was launched (assuming that the radio emission traces the leading edge of the out-
flow, as expected for external shock models). This is an important constraint for modeling
TDEs, for which the time of disruption may not be known precisely (e.g. Zauderer et al.
2011, Alexander et al. 2016). For extremely nearby events, the size evolution of the outflow
may also be measured directly using VLBI observations (e.g. Mattila et al. 2018).

3 Radio-Detected TDEs: Probes of Accretion and Outflow Physics

To date, several dozen TDEs have been observed in the radio, revealing a large diversity in
their radio properties (Fig. 1). In particular, a few percent of TDEs are radio loud, exhibiting
luminous radio emission detectable for years post-disruption, while the rest are radio quiet,
with detections or upper limits constraining their radio emission to be orders of magnitude
fainter than the radio-loud events. For the purpose of this review, we define a “radio-loud
TDE” to have a peak radio luminosity νLν > 1040 erg s−1 and a “radio-quiet TDE” to have

Alexander+20
Jetted TDEs

AT 2019dsg: Optical + weak radio
Neutrino association @ ~150days after opt. peak 
No jet signature in radio (~0.05c, ~1e+48erg) Cendes+21,

Matsumoto+22



Swift X-ray Telescope (XRT) [181], yielding a combined 3σ
flux upper limit of 1.4 × 10−13 erg s−1 cm−2 for all obser-
vations before neutrino arrival (corrected for absorption).
The position of AT2019fdr was also visited by the

eROSITA telescope [182] aboard the Spectrum-Roentgen-
Gamma (SRG) mission [183] four times. The first two visits
did not detect an excess, with a mean flux upper limit of
2.7 × 10−14 erg s−1 cm−2 at the 95% confidence level.
However, at the third visit on March 10–11, 2021, it detected
late time x-ray emission from the transient with an energy
flux of 6.2þ2.7

−2.1 × 10−14 erg s−1 cm−2 in the 0.3–2.0 keV
band, thus showing temporal evolution in the x-ray flux (see
Fig. 1). The detection displayed a very soft thermal spectrum
with a best fit blackbody temperature of 56þ32

−26 eV.
The softness of the spectrum provides further evidence

for AT2019fdr being a TDE rather than regular AGN
variability, where soft spectra are rare [184]. Though
NLSy1 galaxies generally exhibit softer x-ray spectra, the
temperature of AT2019fdr is atypically low even in this

context (lower than all NLSy1s in Refs. [185] and [186]).
Furthermore, x-ray emission is rarely seen for SLSNe
[187], with only the first SLSN ever observed, SCP 06F6
[188], possibly showing an x-ray flux exceeding the
luminosity of AT2019fdr [189]. This provides more
evidence against the SLSN classification.
AT2019fdr was further detected at midinfrared (MIR)

wavelengths as part of routine NEOWISE survey obser-
vations [190] by the Wide-field Infrared Survey Explorer
(WISE) [191]. Using pre-flare archival NEOWISE data as
baseline, a substantial flux increase was detected in both
W1 andW2 band. MIR emission reached a peak luminosity
of 1.9 × 1044 erg s−1 on August 13, 2020, over one year
after the optical and UV peak. Complementary near-
infrared (NIR) measurements were taken with the P200
wide field infrared camera (WIRC) [192] in the J, H, and
Ks band. After subtracting a synthetic host model (see
Supplemental Material [57]), a fading transient infrared
signal was detected in all three bands; see Fig. 1.

FIG. 1. The bottom plot shows the light curve in the optical ZTF g band, the infrared P200 Ks and WISE W1 band as well as the
modeled dust echo (black line, dashdot), with the neutrino arrival time marked with a red dotted vertical line. The SRG=eROSITA x-ray
measurements are also included. The shaded gray areas are averaged and their respective SEDs are shown in the top panels, including a
fitted blue and a red blackbody (blue dashed and red dotted curve; lab frame), as well as the combined spectrum (black solid curve). The
left axes all show νFν, where Fν is the spectral flux density at frequency ν, while the right axes show νLν, where Lν is the luminosity at
frequency ν. Note: SRG=eROSITA data are given in units of integrated flux. The second epoch (middle plot on top) encompasses several
months to include bothWISE and P200 infrared data points. The global values for line-of-sight dust extinction are AV ¼ 0.45þ0.14

−0.14 mag,
assuming RV ¼ 3.1 and the Calzetti attenuation law [56]. Note that the x-ray measurements were not included in the blackbody fits. The
luminosities are given in the source rest frame.
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nondetection at 705 days to a peak at about 1250 days. This
corresponds to a steep power-law rise (Fν∝ tα) with α 4.8.
Similarly, at the C band (5–7 GHz) we find a steady rise from
about 1.4 mJy (972 days) to 7.8 mJy (1296 days) corresp-
onding to α≈ 6. A similarly steep rise is observed up to
240 GHz. Such a steep rise occurring across a large spectral
range is not expected in any model of delayed emission due to
an off-axis viewing angle, a decelerating outflow, or a rapid
increase in the ambient density (e.g., Nakar & Piran 2011; see
Section 5). Instead, the inferred steep power-law rise indicates
that the launch time of the outflow actually occurred much later
than the time of optical discovery; for example, to achieve a
power-law rise of t3, as expected for a decelerating outflow in a
uniform density medium, requires a delay launch of ∼600 days
after optical discovery.

We note that at frequencies of 3 GHz, our latest
observation indicates divergent behavior relative to the higher
frequencies, with a pronounced decline in the flux density. For
example, in the L band (1.4 GHz) we find a rapid decline from
8.7 to 5.3 mJy in the span of only 31 days (1251 to 1282 days).
This differential behavior is due to rapid evolution in the shape
of the spectral energy distribution (see Section 4.2).

In Figure 2 we show the radio light curve of AT2018hyz in
the context of previous radio-emitting TDEs. The radio
luminosity of AT2018hyz rapidly increases from 7×
1037 erg s−1 at ≈700 days to ≈2× 1039 erg s−1 at ≈1300 days,
making it more luminous than any previous nonrelativistic
TDE. The rapid rise in AT2018hyz is even steeper than the
second rising phase of ASASSN-15oi (see Figure 2; Horesh
et al. 2021a), although the light curve of the latter contains only
two data points (at 550 and 1400 days), and its actual rise may

be steeper and comparable to AT2018hyz. We also note that
due to the wide gap in the radio coverage of AT2018hyz
between about 80 and 700 days, as well as the relatively
shallower early radio limits compared to ASASSN-15oi, it is
possible to “hide” an initial bump in the light curve as seen in
ASASSN-15oi at ≈180–550 days (Figure 2); indeed, it is even
possible that AT2018hyz had early radio emission comparable
to that of AT2019dsg (Cendes et al. 2021a; Figure 2), which
had a nearly identical radio peak luminosity and timescale to
ASASSN-15oi, but a more gradual and earlier rise.
Finally, we note that the radio emission from AT2018hyz is

still about a factor of 20 times dimmer than that of Sw J1644+57
at a comparable timescale (1300 days), and that AT2018hyz is
about 80 times dimmer than Sw J1644+57 at its peak luminosity
(Figure 2). As the powerful outflow in Sw J1644+57, with an
energy of ≈1052 erg became nonrelativistic at ≈700 days
(Eftekhari et al. 2018), this again argues against an off-axis jet
interpretation for the less luminous (and hence less energetic)
radio emission in AT2018hyz; namely, in such a scenario the
radio emission would have peaked significantly earlier and with
a much higher luminosity.
In the subsequent sections we model the radio spectral

energy distributions (SEDs) to extract the physical properties of
the outflow and ambient medium, as well as their time
evolution, and show that these confirm our basic arguments for
a delayed outflow.

4. Modeling and Analysis

4.1. Modeling of the Radio Spectral Energy Distributions

The radio/millimeter SEDs, shown in Figure 3, exhibit a
power-law shape with a turnover and peak at ≈1.5 GHz
through 1251 days. At 1282 days, however, the peak of the

Figure 1. Luminosity light curve over time of AT2018hyz in several frequency
bands, including early upper limits (triangles) and the late-time detections
starting at about 970 days (circles). While the source is rising in all frequencies
during the first radio detections, we find the source has begun to fade in the L
band (1.4 GHz, yellow) and the S band (3.0 GHz, green) after ∼1250 days. In
contrast, at higher frequencies such as the C band (5.5 GHz, light blue), X band
(9 GHz, dark blue), Ka band (14 GHz, purple), K band (19–20 GHz, pink), and
in the millimeter band (97.5 GHz, brown; and 240 GHz, black) the source is
still rising as roughly Fν ∝ t5 through 1300 days. In the UHF band (0.88 GHz,
red) we see the source has risen in luminosity ∼2.25× from 1000 to 1280 days
but do not have enough sampling to establish whether it is decreasing.

Figure 2. Luminosity light curve of AT2018hyz, including early upper limits
(green triangles; 0.9, 3, and 15 GHz) and the late-time detections starting at
about 970 days (green stars; 5 GHz). Also shown for comparison are the light
curves of the relativistic TDE Sw J1644+57 at (6.7 GHz; red; Berger
et al. 2012; Zauderer et al. 2013; Eftekhari et al. 2018; Cendes et al. 2021b), the
nonrelativistic event AT2019dsg (6.7 GHz; orange; Cendes et al. 2021a), and
two events with apparent late-rising radio emission: ASASSN-15oi (6-7 GHz;
blue; Horesh et al. 2021a) and iPTF16fnl (15.5 GHz; gray; Horesh
et al. 2021b).
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Table 1. Summary of different ejecta components in TDEs. The blank (“−”) means that the parameter is what we constrain in this work by radio upper limits.

Mass Velocity Kinetic energy Solid angle Mass per solid angle Reference
Mej [M"] vin [km s−1] Ekin [erg] ∆Ω [str] Mej/∆Ω [M" str−1]

Unbound debris 0.5 # 7500 2 × 1050 0.1 5 Krolik2016,Yalinewich2019
Disk wind − ∼ 10000 − ∼ 4π − Metzger&Stone2016
Collision induced outflow − ∼ 10000 − ∼ 4π − Lu&Bonnerot2020
Jet (Conical outflow) − − − − −
Relativistic jet

Synchrotron self-absorption frequency is given by (Murase et al.
2014)
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( (p − 1)π 3
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where we used p = 2.5 in the second line.2It should be noted that
we ignored multiple Gamma functions, which is an order of unity.3
This formula holds only for νm < νa. In this case, the synchrotron
spectrum is given by (Piran et al. 2013)
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In particular, νa is always larger than νm for relevant parameter
values. Thus we concentrate on the regimes of νm < ν < νa or
νa < ν, where the spectrum peaks at νa with
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Note that the flux density for νm < ν < νa has a common dependence
on the parameters for the both phases.

2 ͜ͷࣜͷ ε̄e,−1 ͱ β ͷႈRicci et al. (2021)ͷ Eq. (20)ͱໃ६͢Δ͕ɺ
͜ΕऀޙͰ 25 Ͱͳ͘ γ5

m ͱͯ͠͠·͍ͬͯΔ͔ΒͰ͋Δɻ
3 [Γ(p/4+ 11/6)Γ(p/4+ 1/6)Γ(p/4+ 3/2)/Γ(p/4+ 2)]2/(p+4) has a value
of 1.01 − 1.06 for p = 2 − 5.

2.1 Observational constraint

From the detection or upper limit, we can constrain parameters. We
consider that the radius is given by R # vt, which holds for most
cases, and the velocity is estimated by another consideration such as
energy conservation. Here the parameters we want to constrain are the
outflow velocity v, ISM density n, and outflow’s solid angle ∆Ω. By
using the observational upper limits, we can constrain combinations
of these parameters. For optically thin and v < vDN case,
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and for v > vDN case,
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For optically thick case,
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We take the density and velocity as fundamental variables, and
transform above limits to the limits on velocity:
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for optically thin (v < vDN), thin (v > vDN), and thick cases, re-
spectively. We find that there is a critical velocity above which there
is two densities realizing the observed flux. For the deep-Newtonian
case, this velocity and corresponding density are given by equating
optically thin and thick condition:
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Table 1. Summary of different ejecta components in TDEs. The blank (“−”) means that the parameter is what we constrain in this work by radio upper limits.

Mass Velocity Kinetic energy Solid angle Mass per solid angle Reference
Mej [M"] vin [km s−1] Ekin [erg] ∆Ω [str] Mej/∆Ω [M" str−1]

Unbound debris 0.5 # 7500 2 × 1050 0.1 5 Krolik2016,Yalinewich2019
Disk wind − ∼ 10000 − ∼ 4π − Metzger&Stone2016
Collision induced outflow − ∼ 10000 − ∼ 4π − Lu&Bonnerot2020
Jet (Conical outflow) − − − − −
Relativistic jet
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where we used p = 2.5 in the second line.2It should be noted that
we ignored multiple Gamma functions, which is an order of unity.3
This formula holds only for νm < νa. In this case, the synchrotron
spectrum is given by (Piran et al. 2013)
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cases, and the velocity is estimated by another consideration such as
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Figure 1. A schematic picture. A radio-emitting region is moving at a 
Lorentz factor ! whose direction of motion is away from the observer’s 
line of sight, θ . The emitting region has an emitting area A and volume of V . 

The observed quantities are translated from the quantities in the 
rest frame via the relativistic Doppler factor: 
δD = 1 

! ( 1 − β cos θ ) , (1) 
where β ≡

√ 
1 − 1 / ! 2 is the source velocity normalized by the 

speed of light c . Note that for a source moving precisely towards the 
observer ( θ = 0), the Doppler factor becomes δD = 2 !. Ho we ver, 
BNP13 (following Sari, Piran & Narayan 1998 ) approximated it as 
δD # ! to reflect the fact that the average δD is lower than 2 !. 1 In 
this paper, we use an exact value of δD for a given angle to see the 
of f-axis ef fect. This treatment leads to some dif ferences in numerical 
factors between our results at the limit of θ = 0 and those of BNP13. 2 

The observed peak frequency is given by the Doppler-boosted (and 
redshifted) synchrotron frequency: 
νp = δD q e Bγ 2 

e 
2 πm e c(1 + z) , (2) 

where q e is the elementary charge, B is the magnetic field (at the 
source rest frame), γ e is the Lorentz factor of electrons producing 
the radio peak, m e is the electron mass, and z is the redshift to the 
source. 

Two expressions give the peak flux density for optically thin 
and thick regimes (we describe a more detailed deri v ation in 
Appendix A ). In the optically thin regime, 3 the flux density is just 
given by the flux of a single electron with the Lorentz factor γ e 
1 Averaging the Doppler factor over the beaming cone gives 〈 δD 〉 = ∫ 1 /! 

0 d θ sin θδD / (1 − cos θ ) # (2 ln 2) ! # 1 . 4 ! for ! & 1 and θ ' 1. 
2 The exact differences between our equations and those of BNP13 are 
summarized as follows: equations ( 2 ), ( 3 ), ( 6 ), and ( 10 ) are twice larger 
than corresponding equations (10), (11), (13), and (16) of BNP13 in the limit 
of θ = 0. Equation ( 8 ) is twice smaller than equation (14), equation ( 9 ) is 
four times smaller than equation (15), equation ( 14 ) is eight times smaller 
than equation (17), and equation ( 15 ) is four times larger than equation (18) 
of BNP13. 
3 Throughout this paper, we assume that the emission is produced by non- 
thermal electrons with a power-law energy distribution (d n /d γ ∝ γ −p ) in a 
single zone. Therefore, the spectral index in the optically thin regime should 
be smaller than −0.5 so that the power-law index is p > 2. 

multiplied by the number of emitting electrons N e : 
F p = (1 + z) δ3 

D √ 
3 q 3 e BN e 

4 πd 2 L m e c 2 , (3) 
where d L is the luminosity distance to the source. We estimate the 
peak flux by the self-absorbed spectrum in the optically thick regime. 
There are potentially two cases depending on the ratio between self- 
absorption frequency νa and the characteristic synchrotron frequency 
νm (corresponding to the emitting electrons with the least energy; 
see e.g. Sari et al. 1998 ). In the case of νa > νm , the flux at νm is 
suppressed by self-absorption and the radio flux peaks at νa . The 
peak flux is given by the Rayleigh–Jeans spectrum: 
F p # (1 + z) 3 δD 2 m e γe ν2 

p A 
d 2 L , (4) 

where A is the surface area of the emitting region. In the opposite 
case of νm > νa , the flux peaks at νm which is obtained by extending 
the self-absorbed spectrum: 
F p # (1 + z) 3 δD 2 m e γe ν2 

a A 
d 2 L 

(
νp 
νa 
)1 / 3 

. (5) 
Combining the two cases, the peak flux is given by 
F p = (1 + z) 3 δD 2 m e γe ν2 

p A 
3 d 2 L η1 / 3 , (6) 

η ≡
{

1 ; νa > νm , 
νm /νa ; νa < νm , (7) 

where following BDP13 we introduced a numerical factor 3 in the 
denominator of equation ( 6 ). 

We solve equations ( 2 ), ( 3 ), and ( 6 ) to obtain γ e , N e , and B : 
γe = 3 F p d 2 L η5 / 3 ! 2 

2 πν2 
p (1 + z) 3 m e f A R 2 δD 

# 5 . 2 × 10 2 [ 
F p , mJy d 2 L , 28 η5 / 3 
νp , 10 (1 + z) 3 

] 
! 2 

f A R 2 17 δD , (8) 
N e = 9 c F 3 p d 6 L η10 / 3 ! 4 

2 √ 
3 π2 q 2 e m 2 e ν5 

p (1 + z) 8 f 2 A R 4 δ4 
D 

# 4 . 1 × 10 54 [ 
F 3 p , mJy d 6 L , 28 η10 / 3 
ν5 

p , 10 (1 + z) 8 
] 

! 4 
f 2 A R 4 17 δ4 

D , (9) 
B = 8 π3 m 3 e cν5 

p (1 + z) 7 f 2 A R 4 δD 
9 q e F 2 p d 4 L η10 / 3 ! 4 

# 1 . 3 × 10 −2 G [ 
ν5 

p , 10 (1 + z) 7 
F 2 p , mJy d 4 L , 28 η10 / 3 

] 
f 2 A R 4 17 δD 

! 4 , (10) 
where we use the convention Q x = Q /10 x (cgs) except for the flux 
density F p,mJy = F p /mJy. The emitting area is measured in units of a 
surface area of a sphere with a radius R , subtending a solid angle of 
π / ! 2 . We define an area-filling factor following BNP13: 
f A ≡ A/ (πR 2 / ! 2 ) . (11) 
A volume-filling factor is also defined by measuring the emitting 
volume in units of a typical volume of a relativistic shell, i.e. a shell 
with a radius R , width R / ! 2 , and solid angle of π / ! 2 : 
f V = V / (πR 3 / ! 4 ) . (12) 
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֯ Ωʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons  Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫεిͨ͋ࢠΓͷ์ࣹ Pνp !

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘पྖҬͰ

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

! (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ͔Βೋߦʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜ΕҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔʹΑ
ΒͣৗʹΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝·ͩͪΌΜͱௐ͍ͯͳ͍͕ɺӈลʹ additional
ͳ factor 3͕ͭ͘ɻνa ͰͷϑϥοΫε Eq (B41)ͱ ηΛ༻͍ͯ

Fνa,BB =

{
(1 + z)32ν2pmeγe( fAπR2/d2

L)η
−2 : νa < νm ,

(1 + z)32ν2pmeγe( fAπR2/d2
L) : νa > νm ,

(B44)

= (1 + z)32ν2pmeγe( fAπR2/d2
L)η

−2 , (B45)

ͱͳΔɻ͜͜Ͱ์ࣹମͷࣹӨ͕ԁ͔ΒͣΕΔ߹Λྀͦͯ͠ߟ
ͷζϨΛ fAΛಋೖͨ͠ɻશͳΔٿମͰ؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰͪΖΜ fA = 1Ͱ͋Δɻ16Ҏ্ΑΓɺEqs. (B38), (B39),
(B43), and (B45)Λ༻͍Δ͜ͱͰ

γe =
3Fpd2

Lη
5/3

2πν2p (1 + z)3me fAR2 (B46)

! 5.24 × 102 Fp,mJyd2
L,28ν

−2
p,10(1 + z)−3η5/3 f −1

A R−2
17 , (B47)

Ne =
9cF3

p d6
Lη

10/3

8
√

3π2e2m2
e ν

5
p (1 + z)8 f 2

AR4
(B48)

! 1.03 × 1054 F3
p,mJyd6

L,28ν
−5
p,10(1 + z)−8η10/3 f −2

A R−4
17 , (B49)

B =
8π3m3

e cν5p (1 + z)7 f 2
AR4

9eF2
p d4

Lη
10/3 (B50)

! 1.30 × 10−2 G F−2
p,mJyd−4

L,28ν
5
p,10(1 + z)7η−10/3 f 2

AR4
17 , (B51)

14 ΔͷͰ͍ͯ͑ߟจͰ૬ରతΞτϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ରతݶۃͰ Γ→ 1Ͱ Ω→ π ͱͳΔͷͰ༨
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜRybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉతʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔)ɻ(2) ͷ߸Ͱ࣍ intensity ͷมଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Εਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) จͰཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͕ͩɺࠓ์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ Ω Λఆٛ͢Δͷ͔ͳΓ͍͠ɻ

ͱܘͷؔͱͯ͠ٻΊΒΕΔɻ͜͜ͰɺݪจͱදݱΛҰக
ͤ͞ΔͨΊʹ Eq. (B39) Ͱ Ω = π ͱͨ͠ɻ͜ΕΑΓɺిࢠͱ࣓
ͷΤωϧΪʔ͕

Ee = Nemec2γe =
27c3F4

p d8
Lη

5

16
√

3π3e2m2
e ν

7
p (1 + z)11 f 3

AR6
(B52)

! 4.44 × 1050 erg F4
p,mJyd8

L,28ν
−7
p,10(1 + z)−11η5 f −3

A R−6
17 , (B53)

EB =
B2

8π π fVR3 =
8π5m6

e c2ν10
p (1 + z)14 f 4

A(π fV)R11

81e2F4
p d8

Lη
20/3 (B54)

! 6.75 × 1045 erg F−4
p,mJyd−8

L,28ν
10
p,10(1 + z)14η−20/3 f 4

AR11
17(π fV) ,

(B55)

ͱͳΔɻ͜͜Ͱ์ࣹମͷମੵΛ π fVR3 ͱఆٛͨ͠ɻ์ࣹମͷཱ
ମ֯Λ Ωͱ͢Δ߹ɺ fV = Ω/(3π)ͷؔʹ͋Δɻٿମͷ߹
 Ω = 4π and fV = 4/3Ͱ͋Δɻ
ͯ͞ɺ์ࣹʹؔΘΔిࢠͱ࣓ͷΤωϧΪʔͦΕͧΕ Rͷ

গɺ૿ՃؔͰ͋Γɺͦͷґଘੑͱͯେ͖͍͜ͱ͕Θ͔ݮ
ΔɻΑͬͯɺ͜ΕΒͷ͕࠷খʹͳΔ࣮ݱ͕ܘతͳܘͷ
Λ༩͑Δͱ͑ߟΔɻࡶͳࢉܭͷޙʹ

E = Ee + EB = Eeq

[
11
17

(
R

Req

)−6
+

6
17

(
R

Req

)11]
, (B56)

Req =
( 38cF8

p d16
L η

35/3

26 · 11
√

3π8m8
e ν

17
p (1 + z)25 f 7

A(π fV)

)1/17
(B57)

! 1.85 × 1017 cm F
8
17

p,mJyd
16
17
L,28ν

−1
p,10(1 + z)− 25

17 η
35
51 f

− 7
17

A (π fV)−
1
17 ,

(B58)

Eeq =
( 1717c45m14

e F20
p d40

L η
15(π fV)6

232 · 32 · 1111√3π3e34ν17
p (1 + z)37 f 9

A

)1/17
(B59)

! 1.69 × 1049 erg F
20
17

p,mJyd
40
17
L,28ν

−1
p,10(1 + z)− 37

17 η
15
17 f

− 9
17

A (π fV)
6
17 ,

(B60)

ͱٻΊΒΕΔɻલઅͷChevalier (1998)ͷํ๏ͱ͜ͷ͕ҧ͏͜
ͱʹҙ͢ΔɻChevalierͷํ๏Ͱ equipartitionΛԾఆͯ͠৽ͨ
ͳύϥϝʔλ εe and εBΛಋೖ͍ͯ͠Δ͕ɺ͜ ͜ͰΤωϧΪʔ࠷
খͱ͍͏݅Λ༻͍ͯܘΛಋग़͍ͯ͠Δɻ͔͠͠ɺ͜ͷ͕݅
ຬͨ͞ΕΔͱ͖ͷిࢠͱ࣓ͷΤωϧΪʔͷൺ EB/Ee = 6/11
ͱͳ͓ͬͯΓɺ͜Ε Eq. (B29)ʹ͓͍ͯ εB/εe = 6/11ͱ༩͑
͍ͯΔ͜ͱͱՁͰ͋Δɻ
ΤωϧΪʔ͕࠷খʹͳ͍ͬͯͳ͍߹ (εB/εe ! 6/11)ͷܘ

ͱΤωϧΪʔͷੵݟΓ࣍ͷΑ͏ʹม͞ߋΕΔɻҙͷ εB and
εe ʹରͯ͠ରԠ͢Δܘ εB/εe = EB/Ee = 6

11 (R/Req)17 ͔Β

R = ε
1
17 Req where ε ≡ 11εB/6εe,ͱ͔ۇʹม͞ߋΕΔɻҰํͰର

Ԡ͢ΔΤωϧΪʔ E = Eeq
( 11
17ε

− 6
17 + 6

17ε
11
17
)
ͱ૿Ճ͢Δɻ

͜͜·ͰϑϥοΫεͷϐʔΫΛ୲͏ిࢠͷΤωϧΪʔ Ee ʹ
͍͕ؔͯٞͯͨ͠͠ɺ૬ରతిࢠશମͷΤωϧΪʔҟͳΔ
߹͕͋Γ (νa > νm)ɺࢉܭΛิਖ਼͢Δඞཁ͕͋Δɻ૬ରతిࢠ
ͷ΄ͱΜͲͷΤωϧΪʔ νmʹରԠ͢Δి͕ࢠ୲͏ͷͰ νp = νm
ͷ߹ิਖ਼ඞཁͳ͍͕ɺνp = νa ͷ߹ (γm/γe)2−p ͷิ
ਖ਼߲Λ Ee ʹ͔͚ͨͷ͕૬ରతిࢠͷશΤωϧΪʔͰ͋Δɻ
Αͬͯ͜ͷిࢠΤωϧΪʔΛ࠷ྀͯ͠ߟখԽ͢Δඞཁ͕͋Δɻݪ
จͰిࢠΤωϧΪʔʹՃ͞ΕΔ ∝ R2(2−p)ͷґଘੑΛແࢹ
͠ɺequipartitionܘͰґવͱͯ͠ EB/Ee = 6/11ཱ͕͢Δ
ͱͯ͠ Req (Eq. 27) and Eeq (Eq. 28)ΛٻΊ͍ͯΔɻ͜ͷՃ͞
ΕΔ RґଘੑΛແͨ͠ࢹॲํҎԼͰݟΔΑ͏ʹ͔ͳΓਖ਼֬ͳ
Λ༩͍͑ͯΔɻ࣮ࡍʹΤωϧΪʔ͕࠷খΛͱΔͱ͖Τωϧ
Ϊʔͷൺ EB/Ee = 6

11 (
3

p+1 )ͱͳ͓ͬͯΓɺܘͱΤωϧΪʔ
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֯ Ωʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons  Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫεిͨ͋ࢠΓͷ์ࣹ Pνp !

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘पྖҬͰ

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

! (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ͔Βೋߦʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜ΕҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔʹΑ
ΒͣৗʹΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝·ͩͪΌΜͱௐ͍ͯͳ͍͕ɺӈลʹ additional
ͳ factor 3͕ͭ͘ɻνa ͰͷϑϥοΫε Eq (B41)ͱ ηΛ༻͍ͯ

Fνa,BB =

{
(1 + z)32ν2pmeγe( fAπR2/d2

L)η
−2 : νa < νm ,

(1 + z)32ν2pmeγe( fAπR2/d2
L) : νa > νm ,

(B44)

= (1 + z)32ν2pmeγe( fAπR2/d2
L)η

−2 , (B45)

ͱͳΔɻ͜͜Ͱ์ࣹମͷࣹӨ͕ԁ͔ΒͣΕΔ߹Λྀͦͯ͠ߟ
ͷζϨΛ fAΛಋೖͨ͠ɻશͳΔٿମͰ؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰͪΖΜ fA = 1Ͱ͋Δɻ16Ҏ্ΑΓɺEqs. (B38), (B39),
(B43), and (B45)Λ༻͍Δ͜ͱͰ

γe =
3Fpd2

Lη
5/3

2πν2p (1 + z)3me fAR2 (B46)

! 5.24 × 102 Fp,mJyd2
L,28ν

−2
p,10(1 + z)−3η5/3 f −1

A R−2
17 , (B47)

Ne =
9cF3

p d6
Lη

10/3

8
√

3π2e2m2
e ν

5
p (1 + z)8 f 2

AR4
(B48)

! 1.03 × 1054 F3
p,mJyd6

L,28ν
−5
p,10(1 + z)−8η10/3 f −2

A R−4
17 , (B49)

B =
8π3m3

e cν5p (1 + z)7 f 2
AR4

9eF2
p d4

Lη
10/3 (B50)

! 1.30 × 10−2 G F−2
p,mJyd−4

L,28ν
5
p,10(1 + z)7η−10/3 f 2

AR4
17 , (B51)

14 ΔͷͰ͍ͯ͑ߟจͰ૬ରతΞτϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ରతݶۃͰ Γ→ 1Ͱ Ω→ π ͱͳΔͷͰ༨
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜRybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉతʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔)ɻ(2) ͷ߸Ͱ࣍ intensity ͷมଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Εਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) จͰཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͕ͩɺࠓ์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ Ω Λఆٛ͢Δͷ͔ͳΓ͍͠ɻ

ͱܘͷؔͱͯ͠ٻΊΒΕΔɻ͜͜ͰɺݪจͱදݱΛҰக
ͤ͞ΔͨΊʹ Eq. (B39) Ͱ Ω = π ͱͨ͠ɻ͜ΕΑΓɺిࢠͱ࣓
ͷΤωϧΪʔ͕

Ee = Nemec2γe =
27c3F4

p d8
Lη

5

16
√

3π3e2m2
e ν

7
p (1 + z)11 f 3

AR6
(B52)

! 4.44 × 1050 erg F4
p,mJyd8

L,28ν
−7
p,10(1 + z)−11η5 f −3

A R−6
17 , (B53)

EB =
B2

8π π fVR3 =
8π5m6

e c2ν10
p (1 + z)14 f 4

A(π fV)R11

81e2F4
p d8

Lη
20/3 (B54)

! 6.75 × 1045 erg F−4
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p,10(1 + z)14η−20/3 f 4

AR11
17(π fV) ,

(B55)
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ମ֯Λ Ωͱ͢Δ߹ɺ fV = Ω/(3π)ͷؔʹ͋Δɻٿମͷ߹
 Ω = 4π and fV = 4/3Ͱ͋Δɻ
ͯ͞ɺ์ࣹʹؔΘΔిࢠͱ࣓ͷΤωϧΪʔͦΕͧΕ Rͷ

গɺ૿ՃؔͰ͋Γɺͦͷґଘੑͱͯେ͖͍͜ͱ͕Θ͔ݮ
ΔɻΑͬͯɺ͜ΕΒͷ͕࠷খʹͳΔ࣮ݱ͕ܘతͳܘͷ
Λ༩͑Δͱ͑ߟΔɻࡶͳࢉܭͷޙʹ
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[
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17
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R
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+

6
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(
R
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, (B56)
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√
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Figure 1. Remember log(1 + x) ! x.

Table 1.

Event Rate Rate(vs. SN)
[1/Gpc3/yr] [RSN]

CCSN ∼ 105 1
CCSN (IIn) ! 5× 103 !0.05
Type I SLSN 100 10−3

LGRB(on-axis) 1 10−5

TDE (opt) 1000 10−2

TDE (X-ray) 100 10−3

TDE(featureless) 0.1 ∼ 10−6

LRN 106 ∼ 10

1 USEFUL INFORMATION

Useful concepts and math.実視等級mから光度への換算まず絶対等級は距離を dとしてM = m+5 log(10pc/d)と求められる。次に太陽の絶対等級 M" ! 5 と比較することで log(L/L") =
2
5 (5−M)となる。[練習問題]　 z = 0.023 (100Mpc)でm = 19の天体の光度は? [答え]まず絶対等級がM = 19−35 = −16。太陽とは 21違うので 21×2/5 ! 8.4違うので L ! 2.5×108L" !
1042 erg s−1。イベントレートの計算 RSN ∼ 10−2 Gal−1 yr−1 ∼
105 Gpc−3 yr−1.
Estimate size from angular size The definition of pc is pc =

AU/arcsec.

2 2023

2.1 Important events in 2023

2.2 2023.10

2023/10の論文。
1

Γ(1− βcos θ)
(1)

2310.17560 Pitch angle distribution of non-thermal particle in
relativistic magnetic reconnection
2310.16896 Review of supermassive BH binary

2310.16885 Observation and systematic analysis of early UV
emission in type II SNe 読む
2310.16880 Effect of magnetic field in common envelope
2310.16879 Review of TDE
2310.16328 Numerical modeling of type IIb SNe 光度曲線が double peakになるものが結構いて、初期のピークを shock

coolingで説明する場合のモデルを議論した論文。Mixingとかが効いて、これを考慮しないとダメらしい。
2310.16092 Observation of SN 2022jox: Flash spectroscopy

Flash spectroscopy を行なって、Dessart の計算結果と比較している。それにしても SN 2023ixfはすごいな。
2310.15920 Numerical simulation of binary NS merger con-

taining spinning NS kerr parameter 0.5で回転している NSがいると dynamical ejecta が多くなって衝突が弱くなるらしい。これによって fallback accretionも増えて、中心に残る残骸も激しく回転しているので中心エンジンになりうる。おもしろい。
2310.11496 Peak time of fallback rate in TDEs TDEの fall-

back rateに関する新しい公式をさまざまな星のモデルに対して系統的に調べた論文。[=>TDEノートに移動しました。]潮汐半径は星表面での自己重力ではなく星の自己重力の最大値 (おおよそ星のコアで達成される)が潮汐場と一致する半径に一致し、この半径での Kepler timeが fallback rateのピークを与えるというもの。これによって peak timeは星の性質にはほとんどよらず、BH massだけで決まる。
2310.09015 Detection of jet precession in M87すごいな。BH

spin parameterに制限つく?
2310.08952 Scaling relation of BNS afterglow: centroid mo-

tion is independent of jet structure TDEに使えるか?
2310.08845 Detection of very high-energy photon (13 TeV)

in GRB 221009 SSCモデルでは厳しく、また宇宙はより透明でないとダメらしい。読む
2310.08733 Light curve model of SN2023ixf Bolometric light

curve を構成している。なんでこんなに急激に明るくなるのか?Hiramatsu+で報告されている blueningと consistent? 読む
2310.08658 Formation of TZO by numerical simulation
2310.08641 Spectral analysis of early time nova Appendixを読む
2310.07829 Review of massive star evolution in 3D
2310.07784 Observation of SN 2022jli: Periodic modulation

and gamma-ray detection 読む
2310.07762 Fitting Sgr A* for both light curve and porlaiza-

tion 読む
2310.07687 3D modeling of Sgr A* flare なにやってるんだ?
2310.07036 Light curve model of red giant collision
2310.04233 PIC simulation of magnetic reconnection: depen-

dence on guiding field
2310.04144 Observation of GRB 180720B: detection of RS

emission
2310.3801 Formation of eccentric BBH in galactic nuclei読む
2310.03795 Detailed analysis of two TDEs detected in

VLASS 読む?
2310.03791 Radio TDEs detected in VLASS 電波で検出されて可視光フレアが付随しているTDEを解析した論文。[=>TDEノートに移動しました。]
2310.03782 Discovery of repeating TDE candidate 発見から

1000日後に再びフレアを起こした TDE AT 2020vdqの観測論文。1stフレアは少し暗く、2ndフレアはより明るく短時間で進化する。スペクトルの議論はやはりわからん、イベントレートの議論もなんか仮定しているけど微妙。生成機構も Hillsメカニズムとか言っているけど 1段落しか割いてない。面白い議論として観測されている TDEが全て pTDEの可能性を議論してい
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nondetection at 705 days to a peak at about 1250 days. This
corresponds to a steep power-law rise (Fν∝ tα) with α 4.8.
Similarly, at the C band (5–7 GHz) we find a steady rise from
about 1.4 mJy (972 days) to 7.8 mJy (1296 days) corresp-
onding to α≈ 6. A similarly steep rise is observed up to
240 GHz. Such a steep rise occurring across a large spectral
range is not expected in any model of delayed emission due to
an off-axis viewing angle, a decelerating outflow, or a rapid
increase in the ambient density (e.g., Nakar & Piran 2011; see
Section 5). Instead, the inferred steep power-law rise indicates
that the launch time of the outflow actually occurred much later
than the time of optical discovery; for example, to achieve a
power-law rise of t3, as expected for a decelerating outflow in a
uniform density medium, requires a delay launch of ∼600 days
after optical discovery.

We note that at frequencies of 3 GHz, our latest
observation indicates divergent behavior relative to the higher
frequencies, with a pronounced decline in the flux density. For
example, in the L band (1.4 GHz) we find a rapid decline from
8.7 to 5.3 mJy in the span of only 31 days (1251 to 1282 days).
This differential behavior is due to rapid evolution in the shape
of the spectral energy distribution (see Section 4.2).

In Figure 2 we show the radio light curve of AT2018hyz in
the context of previous radio-emitting TDEs. The radio
luminosity of AT2018hyz rapidly increases from 7×
1037 erg s−1 at ≈700 days to ≈2× 1039 erg s−1 at ≈1300 days,
making it more luminous than any previous nonrelativistic
TDE. The rapid rise in AT2018hyz is even steeper than the
second rising phase of ASASSN-15oi (see Figure 2; Horesh
et al. 2021a), although the light curve of the latter contains only
two data points (at 550 and 1400 days), and its actual rise may

be steeper and comparable to AT2018hyz. We also note that
due to the wide gap in the radio coverage of AT2018hyz
between about 80 and 700 days, as well as the relatively
shallower early radio limits compared to ASASSN-15oi, it is
possible to “hide” an initial bump in the light curve as seen in
ASASSN-15oi at ≈180–550 days (Figure 2); indeed, it is even
possible that AT2018hyz had early radio emission comparable
to that of AT2019dsg (Cendes et al. 2021a; Figure 2), which
had a nearly identical radio peak luminosity and timescale to
ASASSN-15oi, but a more gradual and earlier rise.
Finally, we note that the radio emission from AT2018hyz is

still about a factor of 20 times dimmer than that of Sw J1644+57
at a comparable timescale (1300 days), and that AT2018hyz is
about 80 times dimmer than Sw J1644+57 at its peak luminosity
(Figure 2). As the powerful outflow in Sw J1644+57, with an
energy of ≈1052 erg became nonrelativistic at ≈700 days
(Eftekhari et al. 2018), this again argues against an off-axis jet
interpretation for the less luminous (and hence less energetic)
radio emission in AT2018hyz; namely, in such a scenario the
radio emission would have peaked significantly earlier and with
a much higher luminosity.
In the subsequent sections we model the radio spectral

energy distributions (SEDs) to extract the physical properties of
the outflow and ambient medium, as well as their time
evolution, and show that these confirm our basic arguments for
a delayed outflow.

4. Modeling and Analysis

4.1. Modeling of the Radio Spectral Energy Distributions

The radio/millimeter SEDs, shown in Figure 3, exhibit a
power-law shape with a turnover and peak at ≈1.5 GHz
through 1251 days. At 1282 days, however, the peak of the

Figure 1. Luminosity light curve over time of AT2018hyz in several frequency
bands, including early upper limits (triangles) and the late-time detections
starting at about 970 days (circles). While the source is rising in all frequencies
during the first radio detections, we find the source has begun to fade in the L
band (1.4 GHz, yellow) and the S band (3.0 GHz, green) after ∼1250 days. In
contrast, at higher frequencies such as the C band (5.5 GHz, light blue), X band
(9 GHz, dark blue), Ka band (14 GHz, purple), K band (19–20 GHz, pink), and
in the millimeter band (97.5 GHz, brown; and 240 GHz, black) the source is
still rising as roughly Fν ∝ t5 through 1300 days. In the UHF band (0.88 GHz,
red) we see the source has risen in luminosity ∼2.25× from 1000 to 1280 days
but do not have enough sampling to establish whether it is decreasing.

Figure 2. Luminosity light curve of AT2018hyz, including early upper limits
(green triangles; 0.9, 3, and 15 GHz) and the late-time detections starting at
about 970 days (green stars; 5 GHz). Also shown for comparison are the light
curves of the relativistic TDE Sw J1644+57 at (6.7 GHz; red; Berger
et al. 2012; Zauderer et al. 2013; Eftekhari et al. 2018; Cendes et al. 2021b), the
nonrelativistic event AT2019dsg (6.7 GHz; orange; Cendes et al. 2021a), and
two events with apparent late-rising radio emission: ASASSN-15oi (6-7 GHz;
blue; Horesh et al. 2021a) and iPTF16fnl (15.5 GHz; gray; Horesh
et al. 2021b).
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Late radio flare as off-axis jet
Apparent velocity is increasing βeq,N=Req/t~0.1c(t/1000day)
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Figure 5. Distributions of the total energy e (equation 22 ) with the condition of equation ( 27 ), as a function of Lorentz factor and viewing angle for different 
βeq,N = 10, 1, and 0.1 (left to right). The on- and of f-axis regions are di vided by the black line θ ! 1/ #. White curves gi ve a sequence of minimal energy 
(equation 29 ) and possible parameter sets of a radio-emitting source with a given set of observables. 

Figur e 6. Minimal ener gy trajectories for dif ferent v alues of βeq,N in the ( #β, 
θ ) plane. For βeq,N < 0.23, the trajectory has discrete Newtonian (on-axis) 
and relati vistic (of f-axis) branches. The grey dashed curve and the coloured 
stripe around it denote the contour corresponding to an apparent superluminal 
velocity βVLBI = 3.2 ± 2.2. The intersection of a trajectory with the stripe 
describes a unique solution. The values of βVLBI and the black solid curve 
with βeq,N = 0.04 correspond to the observations of AT 2019dsg. 
there are situations where this is not a problem, and the off-axis 
solution is the right one. 

Fig. 6 shows a sequence of minimal energy trajectories for different 
values of βeq,N in the ( #β, θ ) plane. For a given observation with 
βeq,N , the Lorentz factor and viewing angle are not determined 
independently, but they can vary along this trajectory. As expected, 
for smaller βeq,N values, the on-axis four-velocity approaches the 
apparent velocity ( #β) → βeq,N . For small values of βeq,N ! 0.23, the 
minimal energy trajectory disappears for #β ∼ 1, and the trajectory 
is separated into disconnected Newtonian (on-axis) and relativistic 
(off-axis) branches. This may be understood by noting the velocity 
parameter is related to the radio luminosity, F p d 2 L ∝ β17 / 8 

eq , N , and hence 
a smaller βeq,N corresponds to a dim source. Ho we ver, gi ven the 
strong sensitivity of radio luminosity on the velocity (e.g. Nakar & 
Piran 2002 ; Bruni et al. 2021 ) if #β ! 1 the source will be too bright 
and inconsistent with the observed one. A large θ leads to a small 
Lorentz boost that quenches the observed signal. Ho we ver, such a 
solution is strongly off-axis and requires a very large #β. 

For a single epoch observation that determines βeq,N , the Lorentz 
factor and the viewing angle cannot be determined uniquely as there 
is a de generac y along the minimal energy trajectory. Ho we ver, we 
can break this de generac y by adding another observational input. 
Promising information is an apparent velocity obtained by a very 
long baseline interferometry (VLBI) observation. The displacement 
of the emitting region on the sky plane gives an apparent speed: 
βVLBI = β sin θ

(1 − β cos θ )(1 + z) . (44) 
In Fig. 6 , we show such a trajectory for βVLBI = 3.2 (moti v ated by 
the observation of a TDE; see Section 4.1 ). It intersects with the 
minimal energy trajectory, and hence a VLBI observation breaks the 
de generac y between # and θ . 

Since the equipartition method gives both the radius and density 
(equation 13 ), it can be used to infer the density profile of galactic 
nuclear regions (e.g. Barniol Duran & Piran 2013 ; Zauderer et al. 
2013 ; Alexander et al. 2016 ; Krolik et al. 2016 ). For off-axis 
observers, the outflow radius increases, and the density profile differs 
from the on-axis one. By equations ( 13 ), ( 24 ), and ( 29 ), we find 
the density at the minimizing radius depends on the parameters as 
n e ∝ r −1 ( β/ βeq,N ) 13/12 . Noting that the velocity becomes β → βeq,N 
for an on-axis solution with βeq,N < 1, or β → 1 otherwise, we obtain 
the ratio of the densities for the off- and on-axis solutions: 
n off 
n on ! max [ 1 , β−13 / 12 

eq , N ] ( r off 
r on 

)−1 
. (45) 

4  APPLICATION  TO  OBSERVED  O B J E C T S  
If the time of the explosion is identified, each observation provides 
us with the velocity parameter βeq,N (equation 28 ) at each epoch. As 
the Lorentz factor and the viewing angle are degenerate along the 
minimal energy trajectory given by equation ( 29 ) (see also Fig. 6 ) 
we can consider different physical scenarios for the radio source. 

Fig. 7 depicts the possible range of #β for each value of βeq,N . For 
a given βeq,N , the four-velocity takes the minimal value at θ = 0. For 
larger four-velocities, the viewing angle increases up to the critical 
angle θ c , which typically coincides with the boundary between the 
on- and off-axis branches for βeq,N ! 1, and then it decreases along 
the off-axis branch. When βeq,N is smaller than a critical value βeq,N 
! 0.23, the possible region of #β is separated into relativistic and 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/3/4565/7146846 by Sim
ons Foundation user on 15 June 2023

Jetted TDE

Future VLBI obs. will confirm or reject off-axis scenario

Cendes+23
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Ubiquitous late radio flare 

DeColle&Lu20

~40-50% of optical TDEs show
late (~>1000days) radio flares!

Most of them are not bright (≠off axis jet)

6 Cendes et al.

Figure 1. Top: Radio uminosity light curves for TDEs presented in this work (triangles: 3� upper limits; other symbols:
detections). All observations for the same TDE are connected with a dotted line for non-detections, and a solid line when
detected. TDEs with detected radio emission whose origin is ambiguous are shown as plus symbols (see §3.1.3). We also include
the light curve for AT2018hyz from Cendes et al. (2022b). For comparison we also show radio light curves for TDEs with early
jetted radio emission (Sw1644+57: Cendes et al. 2021b; AT2022cmc: Andreoni et al. 2022) and TDEs with late brightening
(ASASSN-15oi: Horesh et al. 2021a; AT2020vwl: Goodwin et al. 2023b,a) as well as two TDEs with early radio emission for
which we detect significant re-brightenings (iPTF16fnl: Horesh et al. 2021b; AT2019dsg: Cendes et al. 2021a; Stein et al. 2021),
where previously published data are shown as open symbols, and our new data with filled symbols connected by thicker lines.
We do not plot non-constraining upper limits, but they are available in Table 5. Bottom: the same data presented above, but
zoomed in to only show observations at > 100 d, and luminosities of < 3⇥ 1039 erg s�1, highlighting the significant population
of TDEs with late-rising radio emission.

Late-Time Radio TDEs 9

tp=10td

tp=3td
tp=td

Figure 2. Upper left: Histograms of the time of first radio detection (solid) and first radio observation (dashed) for TDEs with
detected radio emission. Upper right: Histogram of peak radio emission timescale at ⇠ 6 GHz for TDEs with detected radio
emission. Arrows indicate upper and lower limits. For TDEs with distinct peaks (ASASSN-15oi, iPTF16fnl, AT2019dsg), we
include both components. Bottom: Time of peak radio emission versus time of first detection, with arrows indicating upper and
lower limits; for the TDEs with distinct peaks (ASASSN-15oi, iPTF16fnl, AT2019dsg, AT2020vwl) we include both components
connected by a solid line. The diagonal lines mark peak radio emission, tp, at multiples of 1, 3, 10 times the time of first
detection. This indicates that for the TDE population with late radio emission at least some events may peak on a decade
timescale. In addition to the data presented in this paper, radio data are from: AT2019qiz (O’Brien et al. 2019, Alexander et
al. in prep), AT2019azh (Goodwin et al. 2022; Sfaradi et al. 2022), AT2019ahk (Christy et al. in prep), AT2019dsg (Cendes
et al. 2021a; Stein et al. 2021), AT2020opy (Goodwin et al. 2023c), ASASSN-14li (Alexander et al. 2016), AT2020vwl (Goodwin
et al. 2023b,a), iPTF16fnl (Horesh et al. 2021b), and ASASSN-15oi (Horesh et al. 2021a). We also include the jetted TDEs
AT2022cmc (Andreoni et al. 2022) and Sw1644+57 (Zauderer et al. 2011). We exclude TDEs in this plot where radio emission
was ambiguous in nature (see §3.1.3).

with the TDE (§3.1.3), and 2 events with prior radio emission (§3.1.2). Including AT2018hyz, this corresponds to a
high detection fraction of 10/22 or ⇡ 45%. Alternatively, if we count distinct late-time brightenings in AT2019dsg and
iPTF16fnl we obtain a detection fraction of 12/24 or ⇡ 50%. Thus, regardless of the exact accounting we conclude that
about half of all optically-selected TDEs exhibit radio emission that rises on timescales of hundreds of days. This high
fraction is particularly striking when compared to the published statistics of early radio detections of optically-selected
TDEs (. 200 days) of ⇡ 30% (Alexander et al. 2020).

In Figure 2 we explore the turn-on and peak timescales of detected radio emission in the full TDE population with
radio detections. The left panel of Figure 2 shows the timescale at which radio emission is first detected. We find a
broad range of timescales, spanning from a few days to ⇡ 2300 days. We note that some TDEs without current radio
detections may yet turn on at even later timescales, as highlighted by the case of ASASSN-14ae with a first detection
at ⇡ 2300 days, and is still rising. The overall distribution of turn-on timescales appears to exhibit three groupings.
First, at . 10 d are the jetted TDEs (Sw J1644+57, AT2022cmc), which are detected early due to the combination of
rapid triggering and luminous radio emission from a relativistic jet, as well as the rapidly-evolving AT2019qiz, which

Cendes+23
Somalwar+23

AT 2018hyz



Event rate

Ropt ~ Rx ~ 1000 /Gpc3/yr (~10-4 /galaxy/yr) 
Ron-jet ~ 0.01-0.1 /Gpc3/yr 

Roff-jet ~ 1-10 /Gpc3/yr
Beaming: fb~θ2~0.01

At most a few % of TDEs can have off-axis jet

Sazonov+21,Yao+23
Andreoni+22

Why jetted TDEs are so rare?
(<1% <=> AGN:10%)



Jet Breakout = Double alignment?precessing jets in TDEs 3

down), and based on the Rankine-Hugoniot jump conditions at the
two shocks and pressure balance, one obtains the velocity of the jet
head (Matzner 2003; Matsumoto & Kimura 2018)

Vh = Vw +
Vj � Vw

1 + 01/2�w/�j
=

Vj + Vw01/2�w/�j

1 + 01/2�w/�j
, (4)

where 0 ⌘ d0w/d
0

j is the ratio between the two comoving densities.
Note that Vw < Vh < Vj, meaning that the jet head always propagates
slower than the jet behind it and faster than the wind ahead of it. For
an ultra-relativistic jet (�j � 1), the lab-frame 4-velocities for the
two shock fronts (fs=forward shock, rs=reverse shock) are given by
the following approximations

Dfs '
4
3
�hVh, Drs '

3
2
p

2
�h (Vh � 1/3). (5)

The above expressions show that the forward shock always propagates
only slightly faster than the jet head, whereas the behavior of the
reverse shock is more complicated: if the jet head is sufficiently slow
Vh . 1/3 (meaning that the jet is running into a very dense wind),
the reverse shock propagates backwards in radius; whereas if the jet
head is sufficiently fast Vh ⇡ 1 (for a low-density wind), then the
reverse shock propagates nearly as fast as the jet head.

It is convenient to define an isotropic equivalent jet efficiency
factor,

[j,iso ⌘
!j,iso
§"w22 , (6)

and making use of eqs. (2, 3, 4), we write

�w01/2

�j
=

Vj � Vh
Vh � Vw

=
✓ �wVj
Vw[j,iso

◆1/2
. (7)

Note that [j,iso is not the same as the conventional jet efficiency [j —
the latter is defined as the physical jet power divided by the accretion
rate onto the BH. In the Blandford & Znajek (1977) framework, the
conventional jet efficiency [j is of the orderO(j2

bh) for dimensionless
black hole spin parameter jbh and for the strongest possible magnetic
fields in the black hole’s magnetosphere (Tchekhovskoy et al. 2011;
Narayan et al. 2022). We will discuss the physical values of [j,iso and
Vw later based on observations and theoretical expectations, but for
now, we stay agnostic to them.

Let us first consider the race between the jet and the jet head. We
see that the entire jet of radial thickness Vj2Con will be shock-heated
after a reverse-shock crossing time

Ccross '
VjCon

Vj � Vh
, (8)

where we have taken the velocity of the reverse shock to be roughly
Vh. In fact, the reverse shock velocity Vrs is only close to Vh when the
jet head is highly relativistic (cf. eq. 5), and in this limit (Vh ⇡ 1), the
reverse shock crossing time is reasonably accurate to within a factor
of order unity. On the other hand, if the jet head is non-relativistic
Vh ⇡ 0, the reverse shock speed is given by Vrs ' �1/3, so we are
only missing a factor of 4/3 by taking Vj � Vrs ' 1 in this opposite
limit. We also note that the reverse shock speed in eq. (5) is obtained
under the 1D picture where the shock-heated gas cannot exit the jet
head region in the lateral direction. In reality, matter will exit the jet
head region as long as \j�h . 1, in which case eq. (8) is an even
better approximation because the reverse shock will stay closer to the
jet head.

We then consider the race between the jet head and the wind. We

Figure 1. Schematic picture of a highly misaligned precessing jet embedded
in the disk wind. A narrow jet with half-opening angle \j whose axis precesses
around the BH spin axis at an inclination angle \LS. The jet is surrounded
by a quasi-isotropic slower wind, which is launched in all directions except
for the instantaneous jet cone. The hydrodynamic interactions between the jet
and wind are the focus of this paper.

see that the jet head will catch up with the outer edge of the wind
(which has radial thickness Vw2(%prec � Con)) after a breakout time

Cbo '
Vw (%prec � Con)

Vh � Vw
, (9)

where we have approximated the speed of the forward shock as Vh. In
this picture, a successful jet breakout requires Cbo/Ccross < 1, which
can be manipulated into the following form

Cbo
Ccross

'
%prec � Con

Con
·
Vj � Vh
Vh � Vw

Vw
Vj

=
%prec � Con

Con
·

✓
�wVw
Vj[j,iso

◆1/2
< 1.

(10)

In this paper, we are interested in a special case of a relativistic jet
(Vj ⇡ 1) and a non-relativistic wind (Vw ⌧ 1). In this case, we obtain
the following simple criterion for successful jet breakout

bduty
1 � bduty

>
⇣
Vw/[j,iso

⌘1/2
, (11)

where bduty (eq. 1) is the duty cycle of the episodic jet to be discussed
in the next subsection.

2.2 Duty cycle of a precessing jet

Let us consider that a jet with half-opening angle \j ⌧ 1 rad that
is precessing around the BH spin axis (hereafter the z-axis). The
inclination angle between the jet axis and the z-axis is fixed at \LS 2

[0, c/2). In reality, the jet has a non-trivial angular structure, but
here we consider a “top-hat” jet for simplicity. A schematic picture
of our consideration is shown in Fig. 1.

Consider an observer’s line of sight at polar angle \ 2 (0, c/2) and
azimuthal angle q = 0 in spherical coordinates. We restrict ourselves
to |\�\LS | < \j because otherwise the jet emission (which is assumed
to be strongly beamed along the velocity vector ÆVj) will not reach the
observer even if the jet breaks out successfully. The direction of the
jet axis at a given time C is specified by the polar angle \ = \LS and
azimuthal angle

qj (C) = 2cC/%prec. (12)

The angle between the line of sight and the jet axis is denoted as �\,
the cosine of which is given by

cos�\ = sin \ sin \LS cos qj + cos \ cos \LS. (13)
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BH spin

(Precessing)Disk

1. Observer’s line of sight = jet axis : fb~θj2

2. Stellar ang. mom. = BH spin : fLS~θLS2~θj2

On-axis Successful Jet: Ron-jet/RTDE ~ θj4 ~ 10-4 (θj/0.1)4

Misalignment
=> Precessing Disk&Jet
=> Jet is easily choked
　　       within disk wind

(e.g., Liska+18)



Summary
• Tidal Disruption Events: Optical/X-ray flares
 　　　　　　　　　　　　in galactic nuclear regions.
• Only 4 jetted TDEs have been discovered.
• Radio emission: Powerful probe of outflows.
• High-energy neutrinos association(?)
　　with optical (not jetted) TDEs at >~100 days.
• Late-time radio flares (>1000days):

✦ ~1% of them are potentially off-axis jetted event
✦ Most of them are delayed outflow?

• Rarity of jetted TDEs = “Double-alignment”?


