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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

Synchrotron emission => Probe of Outflow + Environment
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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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In particular, νa is always larger than νm for relevant parameter
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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 ͷႈ͸Ricci et al. (2021)ͷ Eq. (20)ͱໃ६͢Δ͕ɺ
͜Ε͸ऀޙͰ 25 Ͱ͸ͳ͘ γ5
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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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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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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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֯ Ω಺ʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons ͸ Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫε͸ిͨ͋ࢠΓͷ์ࣹ཰ Pνp ≃

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ΋͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘प೾਺ྖҬͰ͸

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

≃ (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ໨͔Βೋߦ໨ʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜Ε͸ҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔ܎ʹΑ
Βͣৗʹ੒ΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε͸ νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝͸·ͩͪΌΜͱௐ΂͍ͯͳ͍͕ɺӈลʹ 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 fAΛಋೖͨ͠ɻ׬શͳΔٿମͰ͸؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰ΋ͪΖΜ 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 ΔͷͰ͍ͯ͑ߟ࿦จͰ͸૬ର࿦తΞ΢τϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ର࿦తݶۃͰ͸ Γ→ 1Ͱ͸ Ω→ π ͱͳΔͷͰ༨෼
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜ͸Rybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉ஦࿦తʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔΋)ɻ(2) ࣍ͷ౳߸Ͱ͸ intensity ͷม׵ଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Ε΋ਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) ࿦จͰ͸ཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͸໰୊͕ͩɺࠓ͸์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ܎ Ω Λఆٛ͢Δͷ͸͔ͳΓ೉͍͠ɻ

ͱ൒ܘͷؔ਺ͱͯ͠ٻΊΒΕΔɻ͜͜Ͱɺݪ࿦จͱදݱΛҰக
ͤ͞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)ͷؔ܎ʹ͋Δɻٿମͷ৔߹
͸ Ω = 4π and fV = 4/3Ͱ͋Δɻ
ͯ͞ɺ์ࣹʹؔΘΔిࢠͱ࣓৔ͷΤωϧΪʔ͸ͦΕͧΕ Rͷ

গɺ૿Ճؔ਺Ͱ͋Γɺͦͷґଘੑ͸ͱͯ΋େ͖͍͜ͱ͕Θ͔ݮ
ΔɻΑͬͯɺ͜ΕΒͷ࿨͕࠷খʹͳΔ൒࣮ݱ͕ܘతͳ൒ܘͷ஋
Λ༩͑Δͱ͑ߟΔɻ൥ࡶͳࢉܭͷޙʹ

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๏ͱ͸͜ͷ఺͕ҧ͏͜
ͱʹ஫ҙ͢ΔɻChevalierͷํ๏Ͱ͸ equipartitionΛԾఆͯ͠৽ͨ
ͳύϥϝʔλ εe and εBΛಋೖ͍ͯ͠Δ͕ɺ͜ ͜Ͱ͸ΤωϧΪʔ࠷
খͱ͍͏৚݅Λ༻͍ͯ൒ܘΛಋग़͍ͯ͠Δɻ͔͠͠ɺ͜ͷ৚͕݅
ຬͨ͞ΕΔͱ͖ͷిࢠͱ࣓৔ͷΤωϧΪʔͷൺ͸ EB/Ee = 6/11
ͱͳ͓ͬͯΓɺ͜Ε͸ Eq. (B29)ʹ͓͍ͯ εB/εe = 6/11ͱ༩͑
͍ͯΔ͜ͱͱ౳ՁͰ͋Δɻ
ΤωϧΪʔ͕࠷খʹͳ͍ͬͯͳ͍৔߹ (εB/εe ! 6/11)ͷ൒ܘ

ͱΤωϧΪʔͷੵݟ΋Γ͸࣍ͷΑ͏ʹม͞ߋΕΔɻ೚ҙͷ εB and
εe ʹରͯ͠ରԠ͢Δ൒ܘ͸ 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

͜͜·Ͱ͸ϑϥοΫεͷϐʔΫΛ୲͏ిࢠͷΤωϧΪʔ Ee ʹ
ؔͯٞ͠࿦͍͕ͯͨ͠ɺ૬ର࿦తిࢠશମͷΤωϧΪʔ͸ҟͳΔ
৔߹͕͋Γ (νa > νm)ɺࢉܭΛิਖ਼͢Δඞཁ͕͋Δɻ૬ର࿦తిࢠ
ͷ΄ͱΜͲͷΤωϧΪʔ͸ νmʹରԠ͢Δి͕ࢠ୲͏ͷͰ νp = νm
ͷ৔߹͸ิਖ਼͸ඞཁͳ͍͕ɺνp = νa ͷ৔߹͸ (γm/γe)2−p ͷิ
ਖ਼߲Λ Ee ʹ͔͚ͨ΋ͷ͕૬ର࿦తిࢠͷશΤωϧΪʔͰ͋Δɻ
Αͬͯ͜ͷిࢠΤωϧΪʔΛ࠷ྀͯ͠ߟখԽ͢Δඞཁ͕͋Δɻݪ
࿦จͰ͸ిࢠΤωϧΪʔʹ෇Ճ͞ΕΔ ∝ R2(2−p)ͷґଘੑΛແࢹ
͠ɺequipartition൒ܘͰ͸ґવͱͯ͠ EB/Ee = 6/11͕੒ཱ͢Δ
ͱͯ͠ Req (Eq. 27) and Eeq (Eq. 28)ΛٻΊ͍ͯΔɻ͜ͷ෇Ճ͞
ΕΔ RґଘੑΛແͨ͠ࢹॲํ͸ҎԼͰݟΔΑ͏ʹ͔ͳΓਖ਼֬ͳ
஋Λ༩͍͑ͯΔɻ࣮ࡍʹΤωϧΪʔ͕࠷খ஋ΛͱΔͱ͖Τωϧ
Ϊʔͷൺ͸ EB/Ee = 6

11 (
3

p+1 )ͱͳ͓ͬͯΓɺ൒ܘͱΤωϧΪʔ
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֯ Ω಺ʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons ͸ Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫε͸ిͨ͋ࢠΓͷ์ࣹ཰ Pνp ≃

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ΋͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘प೾਺ྖҬͰ͸

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

≃ (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ໨͔Βೋߦ໨ʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜Ε͸ҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔ܎ʹΑ
Βͣৗʹ੒ΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε͸ νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝͸·ͩͪΌΜͱௐ΂͍ͯͳ͍͕ɺӈลʹ 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 fAΛಋೖͨ͠ɻ׬શͳΔٿମͰ͸؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰ΋ͪΖΜ 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 ΔͷͰ͍ͯ͑ߟ࿦จͰ͸૬ର࿦తΞ΢τϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ର࿦తݶۃͰ͸ Γ→ 1Ͱ͸ Ω→ π ͱͳΔͷͰ༨෼
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜ͸Rybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉ஦࿦తʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔΋)ɻ(2) ࣍ͷ౳߸Ͱ͸ intensity ͷม׵ଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Ε΋ਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) ࿦จͰ͸ཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͸໰୊͕ͩɺࠓ͸์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ܎ Ω Λఆٛ͢Δͷ͸͔ͳΓ೉͍͠ɻ
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Radio in TDEs: Equipartition analysis
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Table 1. Radio data and results of our equipartition analysis for AT2019dsg. The time ! t is measured since the disco v ery in the observer frame 
(2019 April 9), which is different from that in Cendes et al. 2021 , who set the origin as 10 d before the disco v ery . The equipartition radius, energy , 
Lorentz factor and total number of emitting electrons at νp , and CNM density are calculated by equations (1)–(5). We adopt two (freely coasting and 
decelerating) velocity fits to the time evolution of R eq , and the corresponding density slope k . The spectra of the first two epochs are not of good quality, 
and they are excluded from our analysis. 
! t F p νp R eq E eq γ e N e n (freely coasting) n (decelerating) 
(d) (mJy) (10 GHz) (10 16 cm) (10 48 erg) (10 50 ) (10 3 cm −3 ] (10 3 cm −3 ) 
(42) (0.47 ± 0.09) (1.58 ± 0.36) (0.84 ± 0.21) (0.97 ± 0.44) (59.05 ± 4.73) (0.68 ± 0.24) (36.94 ± 19.67) (34.20 ± 18.21) 
(45) (0.60 ± 0.04) (2.09 ± 0.63) (0.72 ± 0.22) (0.99 ± 0.43) (59.84 ± 4.78) (0.67 ± 0.23) (60.87 ± 39.87) (58.60 ± 38.38) 
50 0.67 ± 0.01 1.82 ± 0.13 0.87 ± 0.07 1.29 ± 0.41 60.20 ± 4.81 0.87 ± 0.15 45.08 ± 13.50 45.97 ± 13.77 
70 0.80 ± 0.06 1.38 ± 0.19 1.25 ± 0.18 2.11 ± 0.75 60.79 ± 4.87 1.40 ± 0.32 24.96 ± 9.59 30.25 ± 11.62 
72 0.65 ± 0.03 1.07 ± 0.07 1.46 ± 0.12 2.12 ± 0.69 60.10 ± 4.80 1.43 ± 0.26 15.74 ± 4.71 19.34 ± 5.79 
120 1.24 ± 0.05 1.02 ± 0.09 2.07 ± 0.21 4.81 ± 1.60 62.25 ± 5.02 3.07 ± 0.59 12.47 ± 4.06 19.48 ± 6.35 
151 0.98 ± 0.04 0.95 ± 0.09 1.98 ± 0.20 3.89 ± 1.29 61.46 ± 4.94 2.53 ± 0.48 11.43 ± 3.71 19.79 ± 6.43 
178 1.22 ± 0.04 0.51 ± 0.05 4.09 ± 0.42 9.42 ± 3.13 62.20 ± 5.01 6.01 ± 1.14 3.14 ± 1.02 5.85 ± 1.91 
290 0.79 ± 0.04 0.35 ± 0.04 4.82 ± 0.60 8.08 ± 2.74 60.75 ± 4.87 5.37 ± 1.10 1.65 ± 0.58 3.80 ± 1.34 
551 0.34 ± 0.04 0.17 ± 0.04 6.76 ± 1.77 6.13 ± 2.59 58.02 ± 4.60 4.40 ± 1.43 0.46 ± 0.26 1.37 ± 0.78 

of Cendes et al. ( 2021 ), who assumed that the outflow is spherical 
( $ = 4 π), and the emitting region is a shell with the width of dR = 
0 . 1 R eq . These assumptions give f A = 1 and f V = 0.36. The other 
parameters are ε e = 0.1, ε B = 0.02, and γ m = 2 (assuming v < 
v DN , which is justified later). The results are shown in Table 1 , which 
are basically consistent with those of Cendes et al. ( 2021 ) except 
for the CNM density; in that estimate, they neglected the correction 
factor ( v / v DN ) 2 . F or the outflow v elocity, we use two (freely coasting 
and decelerating) fits to the time evolution of R eq (see next section). 
We also adopt the density slope k obtained by fitting the calculated 
profile. 
3  RESU LTS  O F  T H E  EQUIPART ITI O N  
ANALYSIS  
3.1 Launch time of the radio-outflow 
To fit the time evolution of the equipartition radius, we derive the 
velocity and launching time of the radio-emitting outflow (hereafter 
radio-outflow). Fig. 1 depicts the equipartition radius at each obser- 
vation time. Also shown in this figure are the results of Stein et al. 
( 2021 ) and Cendes et al. ( 2021 ). Following Stein et al. ( 2021 ), we 
use the disco v ery date as the origin of time. Note that Cendes et al. 
( 2021 ) set their origin of time 10 d earlier. Since the quality of the 
data at 42 and 45 d after the disco v ery is too poor to determine the 
spectral peak, we do not include these observations in the following 
calculation. The frequency of the peak is also somewhat difficult to 
determine in the data at 551 d, but we include it in analysis with a 
sizable error bar. 

We consider two possible fits to the data. One, which we call 
constant velocity, corresponds to freely coasting outflow: R eq = 
v sh ( ! t − t l ), where ! t and t l are the observation time and outflow- 
launching time, respectively (both are measured since the disco v ery). 
For our chosen equipartition parameters, the best-fitting parameters 
are v sh = 0 . 059 + 0 . 005 

−0 . 005 c ≃ 18000 + 1500 
−1500 km s −1 and t l = −10 + 7 

−9 d; that 
is, the outflow begins before the optical detection (the error represents 
1 σ ). For this fit, the reduced chi-square is χ2 

r ≃ 3 . 1. The second fit 
is a power law that corresponds to a decelerating (or accelerating) 
outflow with R eq = A ( ! t − t l ) α . The best-fitting parameters are 
t l = 12 + 17 

−26 d and α = 0 . 80 + 0 . 22 
−0 . 18 . These parameters imply an outflow 

that is launched around the time of the optical detection, and whose 
speed decelerates very gradually. For this fit, the reduced χ2 

r ≃ 3 . 6. 
Note that the estimate of the launching time t l is independent of the 

Figure 1. (Bottom panel) Equipartition radius at each observation epoch. 
The red and blue curves denote the best-fitting curves of freely coasting 
and decelerating fits, respectively, with key parameters of v sh ≃ 0 . 059 c and 
t l ≃ −10 d (freely coasting) and α = 0.80 and t l = 12 d (decelerating). The 
grey dot highlights the lower quality of the spectrum at 551 d. Also shown 
are the results by Stein et al. 2021 (magenta squares) and Cendes et al. 
2021 (light-blue squares). Stein et al. 2021 assumed a conical outflow, which 
results in larger radii. The orange shaded region shows the peak time of 
optical emission. The inset depicts the best-fitting curves around the time of 
disco v ery defined as ! t = 0. (Top panel) Outflow velocity derived by time 
deri v ati ve of the best fits of R eq . 
equipartition parameters ϵ, ξ , f A , and f V (Krolik et al. 2016 ). Figs 2 
and 3 depict the distribution of reduced χ2 

r for two fits. The quality 
of fit in both cases is similar, and we cannot fa v our one fit o v er the 
other. Ho we ver, the e vidence for deceleration depends entirely on 
the ! t = 551 d observation, which has a large uncertainty. 

Stein et al. ( 2021 ) assumed a conical outflow ( f A = 0.13, f V = 
1.15, ε e = 0.1, and ε B = 10 −3 ) and derived radii somewhat larger 
than ours because of the smaller opening angle. They fitted the data 
up to 178 d and found the best fit for a constant velocity v sh = 0 . 12 c. 
Cendes et al. ( 2021 ) found that the evolution is best fitted by a slowly 
decelerating fit with α = 0.9, i.e. slightly slower deceleration than 
in our power-law fit. The parameters we adopted in our equipartition 
analysis are almost identical to theirs. Ho we v er, the y fix ed the 
launching time at 10 d before the disco v ery by e xtrapolating the 
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Figure 2. Distribution of the reduced chi-square for the freely coasting fit 
of R eq = v( ! t − t l ). The yellow star denotes the best-fitting parameter set of 
v = v sh /ζ ≃ 0 . 04 c ≃ 13 000 km s −1 and t l ≃ −10 d. 

Figure 3. The same as Fig. 2 but for the deceleration fit of R eq ∝ ( ! t − t l ) α . 
The best-fitting parameters are α ≃ 0.80 and t l ≃ 12 d. The light-blue star 
denotes the location of the fit by Cendes et al. 2021 . 
optical light curve to zero flux and assuming that was the launch 
time, while we infer it from a fit to R eq . For our freely coasting fit, 
our fit leads to the same launch time as assumed by Cendes et al. 
( 2021 ), while for the decelerating model, the best-fitting value ≃ 10 d 
after the disco v ery, but with a large uncertainty (see Fig. 3 ). As can 
be seen in Fig. 3 , the result of Cendes et al. ( 2021 ) is within the error 
of both of our estimates. 

The top panel of Fig. 1 depicts the velocity of each model as a 
function of time, deriving it from v sh = dR eq / d ( ! t ). This quantity 
represents the pattern velocity of the emitting region. If the emission 
is due to a shock propagating in the CNM, then this is the speed of the 
shock front. In this case, the actual outflow velocity, v, is somewhat 
smaller than the shock velocity; their ratio is given by the shock jump 
condition (e.g. Landau & Lifshitz 1987 ): ζ ≡ v sh /v = ( ̂  γ + 1) / 2, 
where ˆ γ is the adiabatic index of the shocked material. For ˆ γ = 5 / 3, 
ζ = 4/3. This factor is order unity, but it is important for inferring 
the origin of the outflow. 

Figure 4. CNM density profiles reconstructed from the equipartition anal- 
ysis. Red and blue lines shows the best-fitting power-law functions for the 
freely coasting ( n ∝ R −2.1 ) and decelerating ( n ∝ R −1.6 ) fits for AT2019dsg, 
respectively. Magenta and light-blue squares show the results by Stein 
et al. 2021 (almost o v erlapping our decelerating fit) and Cendes et al. 
2021 , respectiv ely. Profiles of Milk y Way ( n ∝ R −1 , Baganoff et al. 2003 ; 
Gillessen et al. 2019 ) and other TDEs ( n ∝ R −2.5 ) are also presented. 
Black dash–dotted lines show the positions where the enclosed mass of 
M( R) ≃ 4 πm p nR 3 = 10 −4 − 10 −2 M ⊙. 
3.2 The CNM density profile 
Radio observations of TDEs provide possibly the only way to infer 
the CNM density distribution around distant galaxies (Alexander 
et al. 2016 ; Krolik et al. 2016 ). Fig. 4 depicts the profiles re- 
constructed by our equipartition analysis. The two thick coloured 
curves represent the predictions made by our two outflow models 
(note that the estimate of the CNM density depends on the outflow 
velocity, see equation (5). The velocities are derived from the best 
fits of the equipartition radius, v = ζ−1 d R eq /d( ! t ). Fitting the density 
profiles with a power-law function n ∝ R −k , we find the best fits for 
k = 2 . 06 + 0 . 17 

−0 . 16 and 1 . 55 + 0 . 17 
−0 . 16 for the freely coasting and decelerating 

fits, respectively. 
Fig. 4 also depicts the density profiles obtained by Stein et al. 

( 2021 ) and Cendes et al. ( 2021 ). Stein et al. ( 2021 ) derived the density 
of non-thermal electrons as a lower limit of the CNM density. Lacking 
a detailed description of their deri v ation, we cannot compare their 
results to ours. Cendes et al. ( 2021 ) obtained a density profile that is 
about five times smaller than ours. As Cendes et al. ( 2021 ) neglected 
the deep-Newtonian correction factor, their results should have been 
≃ 14 times smaller than ours (with v / v DN ≃ 0.27). Ho we ver, at the 
same time, they divided the total number of electrons by the emitting 
volume, πf V R 3 , and by the shock compression a factor of 4, instead 
of dividing it by the volume swept up by the shock. This somewhat 
compensates the difference, resulting in a density profile five times 
lower than ours. 

The CNM profiles of our Galactic centre and the host galaxies of 
two other radio TDEs, ASASSN-14li (Alexander et al. 2016 ; Krolik 
et al. 2016 ) and CNSS J0019 + 00 (Anderson et al. 2020 ) are also 
shown in Fig. 4 . The latter two are derived by the same procedure 
that we used for AT2019dsg. Their equipartition radii evolve at a 
constant velocity of v sh ≃ 0 . 04 c and the deep-Newtonian correction 
becomes more important for them. The CNM densities in all the TDE 
host galaxies are larger than in Sgr A ∗. The CNM density profile of 
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of the X-ray band. Since our observations probe close to the Wien 
tail of the spectrum, a small temperature decrease due to absorp-
tion would also yield a substantially underestimated blackbody 
radius and luminosity22. The exponential decrease of the flux could 
be caused by cooling of the newly formed TDE accretion disk18 or 
increasing X-ray obscuration.

Radio observations shown in Fig. 2 reveal a third distinct spec-
tral component, namely synchrotron emission from non-thermal 
electrons (see also Extended Data Figs. 4 and 5). We model this 
emission with a conical geometry as expected for outflows (for 
example jets or winds) that are launched from—and collimated 
by—the inner parts of flared accretion disks that emit close to the 
Eddington limit. Given that electrons are typically accelerated with 
much lower efficiency than protons in astrophysical accelerators23, 
we assume that they carry 10% of the energy carried by relativistic 
protons (ϵe = 0.1). We further assume that the magnetic fields carry 
0.1% of the total energy (ϵB = 10−3), as indicated by radio observa-
tions of other TDEs24 and supernovae25. We note that the opening 
angle for the outflow is largely unconstrained. For a half-opening 
angle, ϕ, of 30° we find R = 1.5 × 1016 cm in our first epoch (41 d 
after discovery), increasing to R = 7 × 1016 cm shortly after the 
neutrino detection (177 d after discovery). These radii scale26 as 
R ∝ [1 − cos(ϕ)]−8/19. The implied expansion velocity is roughly 
constant at v=c ¼ _R=c ¼ 0:12 ± 0:01

I
 during the first three epochs, 

with a significant (>3σ) acceleration to v/c = 0.21 ± 0.02 for the last 
epoch. These are the velocities of the synchrotron-emitting region, 
and thus provide a lower limit to the velocity at the base of the out-
flow. Indeed even the hotspots of relativistic jets from active galaxies 
that are frustrated by gas in their host galaxy are typically observed27 
to have subrelativistic expansion velocities of ~0.1 c.

The inferred outflow energy, E, shows a linear increase from 
2.5 × 1049 erg to 2 × 1050 erg (Fig. 2), which would not be expected 
from models of TDE radio emission that involve a single injection 
of energy28,29. The constant increase of energy implies a constant  

injection rate at the base of the outflow of approximately 
2 × 1043 erg s−1. While some scenarios can yield an increase in 
inferred energy from a single energy injection, none of these are 
consistent with the full set of observed properties. First, a single 
ejection with a range of velocities could explain the observed lin-
ear increase of energy with time (the slower ejecta arrive later), but 
is incompatible with the increasing velocity. Second, an increase of 
the efficiency for conversion of Poynting luminosity to relativistic 
particles is unlikely because the target density that is available to 
establish this conversion is decreasing. Finally, an apparent increase 
of the inferred energy due to an increase of solid angle that emits to 
our line of sight is only expected for relativistic outflows that decel-
erate. Instead, for AT2019dsg, the observations suggest the presence 
of a central engine that yields continuous energy injection through 
a coupling of accretion power to the radio emission30, with accelera-
tion in the final radio epoch due to a decrease in the slope of the 
ambient matter density profile.

Neutrino emission from AT2019dsg
With this strong evidence for three distinct emission zones derived 
purely from multiwavelength observations, we consider whether 
this picture is consistent with AT2019dsg being the source of the 
neutrino IC191001A. In particular, neutrino production requires 
protons to be accelerated to sufficiently high energies, and to col-
lide with a suitably abundant target. The detection of a single 
high-energy neutrino implies a mean expectation in the range 
0.05 < Nν,tot < 4.74 at 90% confidence, where Nν,tot is the cumulative 
neutrino expectation for all TDEs that ZTF has observed, while for 
an individual object the expectation will be substantially lower31. 
AT2019dsg emits fbol ≈ 0.16 of the population bolometric energy 
flux, and if we take this as a proxy for neutrino emission we would 
expect 0.008 ≲ Nν ≲ 0.76 for this source.

Radio observations confirm that particle acceleration is indeed 
occurring, and that this continues without decline until the detection 
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Fig. 2 | Synchrotron analysis of AT2019dsg. a, Radio measurements from MeerKAT (1.3!GHz), the Karl G. Jansky Very Large Array (VLA; 2–12!GHz) and 
the Arcminute Microkelvin Imager (AMI; 15.5!GHz) at four epochs with times listed relative to the first optical detection. The coloured lines show samples 
from the posterior distribution of synchrotron spectra fitted to the measurements at each epoch, and the dashed lines trace the best-fit parameters for 
that epoch. The free parameters are the electron power-law index (p!=!2.9!±!0.1) and the host baseline flux density, plus the magnetic field and radius for 
each epoch. b, The energy at each epoch for a conical outflow geometry with an half-opening angle of 30°. The dotted line indicates a linear increase of 
energy. c, The corresponding radius for each epoch, with a dotted line illustrating a linear increase. Error bars represent 1σ intervals.
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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

Synchrotron emission => Probe of Outflow + Environment

Radio emission in TDEs
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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)

Fν =
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(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)
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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 ͷႈ͸Ricci et al. (2021)ͷ Eq. (20)ͱໃ६͢Δ͕ɺ
͜Ε͸ऀޙͰ 25 Ͱ͸ͳ͘ 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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More explicitly,
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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)

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 ͷႈ͸Ricci et al. (2021)ͷ Eq. (20)ͱໃ६͢Δ͕ɺ
͜Ε͸ऀޙͰ 25 Ͱ͸ͳ͘ 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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֯ Ω಺ʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons ͸ Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫε͸ిͨ͋ࢠΓͷ์ࣹ཰ Pνp ≃

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ΋͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘प೾਺ྖҬͰ͸

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

≃ (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ໨͔Βೋߦ໨ʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜Ε͸ҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔ܎ʹΑ
Βͣৗʹ੒ΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε͸ νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝͸·ͩͪΌΜͱௐ΂͍ͯͳ͍͕ɺӈลʹ 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 fAΛಋೖͨ͠ɻ׬શͳΔٿମͰ͸؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰ΋ͪΖΜ 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 ΔͷͰ͍ͯ͑ߟ࿦จͰ͸૬ର࿦తΞ΢τϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ର࿦తݶۃͰ͸ Γ→ 1Ͱ͸ Ω→ π ͱͳΔͷͰ༨෼
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜ͸Rybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉ஦࿦తʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔΋)ɻ(2) ࣍ͷ౳߸Ͱ͸ intensity ͷม׵ଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Ε΋ਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) ࿦จͰ͸ཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͸໰୊͕ͩɺࠓ͸์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ܎ Ω Λఆٛ͢Δͷ͸͔ͳΓ೉͍͠ɻ

ͱ൒ܘͷؔ਺ͱͯ͠ٻΊΒΕΔɻ͜͜Ͱɺݪ࿦จͱදݱΛҰக
ͤ͞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)ͷؔ܎ʹ͋Δɻٿମͷ৔߹
͸ Ω = 4π and fV = 4/3Ͱ͋Δɻ
ͯ͞ɺ์ࣹʹؔΘΔిࢠͱ࣓৔ͷΤωϧΪʔ͸ͦΕͧΕ Rͷ

গɺ૿Ճؔ਺Ͱ͋Γɺͦͷґଘੑ͸ͱͯ΋େ͖͍͜ͱ͕Θ͔ݮ
ΔɻΑͬͯɺ͜ΕΒͷ࿨͕࠷খʹͳΔ൒࣮ݱ͕ܘతͳ൒ܘͷ஋
Λ༩͑Δͱ͑ߟΔɻ൥ࡶͳࢉܭͷޙʹ

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๏ͱ͸͜ͷ఺͕ҧ͏͜
ͱʹ஫ҙ͢ΔɻChevalierͷํ๏Ͱ͸ equipartitionΛԾఆͯ͠৽ͨ
ͳύϥϝʔλ εe and εBΛಋೖ͍ͯ͠Δ͕ɺ͜ ͜Ͱ͸ΤωϧΪʔ࠷
খͱ͍͏৚݅Λ༻͍ͯ൒ܘΛಋग़͍ͯ͠Δɻ͔͠͠ɺ͜ͷ৚͕݅
ຬͨ͞ΕΔͱ͖ͷిࢠͱ࣓৔ͷΤωϧΪʔͷൺ͸ EB/Ee = 6/11
ͱͳ͓ͬͯΓɺ͜Ε͸ Eq. (B29)ʹ͓͍ͯ εB/εe = 6/11ͱ༩͑
͍ͯΔ͜ͱͱ౳ՁͰ͋Δɻ
ΤωϧΪʔ͕࠷খʹͳ͍ͬͯͳ͍৔߹ (εB/εe ! 6/11)ͷ൒ܘ

ͱΤωϧΪʔͷੵݟ΋Γ͸࣍ͷΑ͏ʹม͞ߋΕΔɻ೚ҙͷ εB and
εe ʹରͯ͠ରԠ͢Δ൒ܘ͸ 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

͜͜·Ͱ͸ϑϥοΫεͷϐʔΫΛ୲͏ిࢠͷΤωϧΪʔ Ee ʹ
ؔͯٞ͠࿦͍͕ͯͨ͠ɺ૬ର࿦తిࢠશମͷΤωϧΪʔ͸ҟͳΔ
৔߹͕͋Γ (νa > νm)ɺࢉܭΛิਖ਼͢Δඞཁ͕͋Δɻ૬ର࿦తిࢠ
ͷ΄ͱΜͲͷΤωϧΪʔ͸ νmʹରԠ͢Δి͕ࢠ୲͏ͷͰ νp = νm
ͷ৔߹͸ิਖ਼͸ඞཁͳ͍͕ɺνp = νa ͷ৔߹͸ (γm/γe)2−p ͷิ
ਖ਼߲Λ Ee ʹ͔͚ͨ΋ͷ͕૬ର࿦తిࢠͷશΤωϧΪʔͰ͋Δɻ
Αͬͯ͜ͷిࢠΤωϧΪʔΛ࠷ྀͯ͠ߟখԽ͢Δඞཁ͕͋Δɻݪ
࿦จͰ͸ిࢠΤωϧΪʔʹ෇Ճ͞ΕΔ ∝ R2(2−p)ͷґଘੑΛແࢹ
͠ɺequipartition൒ܘͰ͸ґવͱͯ͠ EB/Ee = 6/11͕੒ཱ͢Δ
ͱͯ͠ Req (Eq. 27) and Eeq (Eq. 28)ΛٻΊ͍ͯΔɻ͜ͷ෇Ճ͞
ΕΔ RґଘੑΛແͨ͠ࢹॲํ͸ҎԼͰݟΔΑ͏ʹ͔ͳΓਖ਼֬ͳ
஋Λ༩͍͑ͯΔɻ࣮ࡍʹΤωϧΪʔ͕࠷খ஋ΛͱΔͱ͖Τωϧ
Ϊʔͷൺ͸ EB/Ee = 6

11 (
3

p+1 )ͱͳ͓ͬͯΓɺ൒ܘͱΤωϧΪʔ

MNRAS 000, 1–22 (2020)

18 T. Matsumoto

֯ Ω಺ʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons ͸ Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫε͸ిͨ͋ࢠΓͷ์ࣹ཰ Pνp ≃

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ΋͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘प೾਺ྖҬͰ͸

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

≃ (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ໨͔Βೋߦ໨ʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜Ε͸ҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔ܎ʹΑ
Βͣৗʹ੒ΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε͸ νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝͸·ͩͪΌΜͱௐ΂͍ͯͳ͍͕ɺӈลʹ 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 fAΛಋೖͨ͠ɻ׬શͳΔٿମͰ͸؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰ΋ͪΖΜ 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 ΔͷͰ͍ͯ͑ߟ࿦จͰ͸૬ର࿦తΞ΢τϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ର࿦తݶۃͰ͸ Γ→ 1Ͱ͸ Ω→ π ͱͳΔͷͰ༨෼
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜ͸Rybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉ஦࿦తʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔΋)ɻ(2) ࣍ͷ౳߸Ͱ͸ intensity ͷม׵ଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Ε΋ਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) ࿦จͰ͸ཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͸໰୊͕ͩɺࠓ͸์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ܎ Ω Λఆٛ͢Δͷ͸͔ͳΓ೉͍͠ɻ

ͱ൒ܘͷؔ਺ͱͯ͠ٻΊΒΕΔɻ͜͜Ͱɺݪ࿦จͱදݱΛҰக
ͤ͞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)ͷؔ܎ʹ͋Δɻٿମͷ৔߹
͸ Ω = 4π and fV = 4/3Ͱ͋Δɻ
ͯ͞ɺ์ࣹʹؔΘΔిࢠͱ࣓৔ͷΤωϧΪʔ͸ͦΕͧΕ Rͷ

গɺ૿Ճؔ਺Ͱ͋Γɺͦͷґଘੑ͸ͱͯ΋େ͖͍͜ͱ͕Θ͔ݮ
ΔɻΑͬͯɺ͜ΕΒͷ࿨͕࠷খʹͳΔ൒࣮ݱ͕ܘతͳ൒ܘͷ஋
Λ༩͑Δͱ͑ߟΔɻ൥ࡶͳࢉܭͷޙʹ

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๏ͱ͸͜ͷ఺͕ҧ͏͜
ͱʹ஫ҙ͢ΔɻChevalierͷํ๏Ͱ͸ equipartitionΛԾఆͯ͠৽ͨ
ͳύϥϝʔλ εe and εBΛಋೖ͍ͯ͠Δ͕ɺ͜ ͜Ͱ͸ΤωϧΪʔ࠷
খͱ͍͏৚݅Λ༻͍ͯ൒ܘΛಋग़͍ͯ͠Δɻ͔͠͠ɺ͜ͷ৚͕݅
ຬͨ͞ΕΔͱ͖ͷిࢠͱ࣓৔ͷΤωϧΪʔͷൺ͸ EB/Ee = 6/11
ͱͳ͓ͬͯΓɺ͜Ε͸ Eq. (B29)ʹ͓͍ͯ εB/εe = 6/11ͱ༩͑
͍ͯΔ͜ͱͱ౳ՁͰ͋Δɻ
ΤωϧΪʔ͕࠷খʹͳ͍ͬͯͳ͍৔߹ (εB/εe ! 6/11)ͷ൒ܘ

ͱΤωϧΪʔͷੵݟ΋Γ͸࣍ͷΑ͏ʹม͞ߋΕΔɻ೚ҙͷ εB and
εe ʹରͯ͠ରԠ͢Δ൒ܘ͸ 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

͜͜·Ͱ͸ϑϥοΫεͷϐʔΫΛ୲͏ిࢠͷΤωϧΪʔ Ee ʹ
ؔͯٞ͠࿦͍͕ͯͨ͠ɺ૬ର࿦తిࢠશମͷΤωϧΪʔ͸ҟͳΔ
৔߹͕͋Γ (νa > νm)ɺࢉܭΛิਖ਼͢Δඞཁ͕͋Δɻ૬ର࿦తిࢠ
ͷ΄ͱΜͲͷΤωϧΪʔ͸ νmʹରԠ͢Δి͕ࢠ୲͏ͷͰ νp = νm
ͷ৔߹͸ิਖ਼͸ඞཁͳ͍͕ɺνp = νa ͷ৔߹͸ (γm/γe)2−p ͷิ
ਖ਼߲Λ Ee ʹ͔͚ͨ΋ͷ͕૬ର࿦తిࢠͷશΤωϧΪʔͰ͋Δɻ
Αͬͯ͜ͷిࢠΤωϧΪʔΛ࠷ྀͯ͠ߟখԽ͢Δඞཁ͕͋Δɻݪ
࿦จͰ͸ిࢠΤωϧΪʔʹ෇Ճ͞ΕΔ ∝ R2(2−p)ͷґଘੑΛແࢹ
͠ɺequipartition൒ܘͰ͸ґવͱͯ͠ EB/Ee = 6/11͕੒ཱ͢Δ
ͱͯ͠ Req (Eq. 27) and Eeq (Eq. 28)ΛٻΊ͍ͯΔɻ͜ͷ෇Ճ͞
ΕΔ RґଘੑΛແͨ͠ࢹॲํ͸ҎԼͰݟΔΑ͏ʹ͔ͳΓਖ਼֬ͳ
஋Λ༩͍͑ͯΔɻ࣮ࡍʹΤωϧΪʔ͕࠷খ஋ΛͱΔͱ͖Τωϧ
Ϊʔͷൺ͸ EB/Ee = 6

11 (
3

p+1 )ͱͳ͓ͬͯΓɺ൒ܘͱΤωϧΪʔ
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֯ Ω಺ʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons ͸ Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫε͸ిͨ͋ࢠΓͷ์ࣹ཰ Pνp ≃

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ΋͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘प೾਺ྖҬͰ͸

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

≃ (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ໨͔Βೋߦ໨ʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜Ε͸ҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔ܎ʹΑ
Βͣৗʹ੒ΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε͸ νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝͸·ͩͪΌΜͱௐ΂͍ͯͳ͍͕ɺӈลʹ 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 fAΛಋೖͨ͠ɻ׬શͳΔٿମͰ͸؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰ΋ͪΖΜ 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 ΔͷͰ͍ͯ͑ߟ࿦จͰ͸૬ର࿦తΞ΢τϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ର࿦తݶۃͰ͸ Γ→ 1Ͱ͸ Ω→ π ͱͳΔͷͰ༨෼
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜ͸Rybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉ஦࿦తʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
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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.
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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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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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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
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Fνm (νa/νm)

1−p
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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
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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 ͷႈ͸Ricci et al. (2021)ͷ Eq. (20)ͱໃ६͢Δ͕ɺ
͜Ε͸ऀޙͰ 25 Ͱ͸ͳ͘ 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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We take the density and velocity as fundamental variables, and
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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)

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)
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In particular, νa is always larger than νm for relevant parameter
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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 ͷႈ͸Ricci et al. (2021)ͷ Eq. (20)ͱໃ६͢Δ͕ɺ
͜Ε͸ऀޙͰ 25 Ͱ͸ͳ͘ γ5
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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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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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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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֯ Ω಺ʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons ͸ Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫε͸ిͨ͋ࢠΓͷ์ࣹ཰ Pνp ≃

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ΋͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘प೾਺ྖҬͰ͸

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

≃ (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ໨͔Βೋߦ໨ʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜Ε͸ҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔ܎ʹΑ
Βͣৗʹ੒ΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε͸ νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝͸·ͩͪΌΜͱௐ΂͍ͯͳ͍͕ɺӈลʹ 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 fAΛಋೖͨ͠ɻ׬શͳΔٿମͰ͸؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰ΋ͪΖΜ 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 ΔͷͰ͍ͯ͑ߟ࿦จͰ͸૬ର࿦తΞ΢τϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ର࿦తݶۃͰ͸ Γ→ 1Ͱ͸ Ω→ π ͱͳΔͷͰ༨෼
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜ͸Rybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉ஦࿦తʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔΋)ɻ(2) ࣍ͷ౳߸Ͱ͸ intensity ͷม׵ଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Ε΋ਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) ࿦จͰ͸ཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͸໰୊͕ͩɺࠓ͸์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ܎ Ω Λఆٛ͢Δͷ͸͔ͳΓ೉͍͠ɻ

ͱ൒ܘͷؔ਺ͱͯ͠ٻΊΒΕΔɻ͜͜Ͱɺݪ࿦จͱදݱΛҰக
ͤ͞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)ͷؔ܎ʹ͋Δɻٿମͷ৔߹
͸ Ω = 4π and fV = 4/3Ͱ͋Δɻ
ͯ͞ɺ์ࣹʹؔΘΔిࢠͱ࣓৔ͷΤωϧΪʔ͸ͦΕͧΕ Rͷ

গɺ૿Ճؔ਺Ͱ͋Γɺͦͷґଘੑ͸ͱͯ΋େ͖͍͜ͱ͕Θ͔ݮ
ΔɻΑͬͯɺ͜ΕΒͷ࿨͕࠷খʹͳΔ൒࣮ݱ͕ܘతͳ൒ܘͷ஋
Λ༩͑Δͱ͑ߟΔɻ൥ࡶͳࢉܭͷޙʹ

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๏ͱ͸͜ͷ఺͕ҧ͏͜
ͱʹ஫ҙ͢ΔɻChevalierͷํ๏Ͱ͸ equipartitionΛԾఆͯ͠৽ͨ
ͳύϥϝʔλ εe and εBΛಋೖ͍ͯ͠Δ͕ɺ͜ ͜Ͱ͸ΤωϧΪʔ࠷
খͱ͍͏৚݅Λ༻͍ͯ൒ܘΛಋग़͍ͯ͠Δɻ͔͠͠ɺ͜ͷ৚͕݅
ຬͨ͞ΕΔͱ͖ͷిࢠͱ࣓৔ͷΤωϧΪʔͷൺ͸ EB/Ee = 6/11
ͱͳ͓ͬͯΓɺ͜Ε͸ Eq. (B29)ʹ͓͍ͯ εB/εe = 6/11ͱ༩͑
͍ͯΔ͜ͱͱ౳ՁͰ͋Δɻ
ΤωϧΪʔ͕࠷খʹͳ͍ͬͯͳ͍৔߹ (εB/εe ! 6/11)ͷ൒ܘ

ͱΤωϧΪʔͷੵݟ΋Γ͸࣍ͷΑ͏ʹม͞ߋΕΔɻ೚ҙͷ εB and
εe ʹରͯ͠ରԠ͢Δ൒ܘ͸ 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

͜͜·Ͱ͸ϑϥοΫεͷϐʔΫΛ୲͏ిࢠͷΤωϧΪʔ Ee ʹ
ؔͯٞ͠࿦͍͕ͯͨ͠ɺ૬ର࿦తిࢠશମͷΤωϧΪʔ͸ҟͳΔ
৔߹͕͋Γ (νa > νm)ɺࢉܭΛิਖ਼͢Δඞཁ͕͋Δɻ૬ର࿦తిࢠ
ͷ΄ͱΜͲͷΤωϧΪʔ͸ νmʹରԠ͢Δి͕ࢠ୲͏ͷͰ νp = νm
ͷ৔߹͸ิਖ਼͸ඞཁͳ͍͕ɺνp = νa ͷ৔߹͸ (γm/γe)2−p ͷิ
ਖ਼߲Λ Ee ʹ͔͚ͨ΋ͷ͕૬ର࿦తిࢠͷશΤωϧΪʔͰ͋Δɻ
Αͬͯ͜ͷిࢠΤωϧΪʔΛ࠷ྀͯ͠ߟখԽ͢Δඞཁ͕͋Δɻݪ
࿦จͰ͸ిࢠΤωϧΪʔʹ෇Ճ͞ΕΔ ∝ R2(2−p)ͷґଘੑΛແࢹ
͠ɺequipartition൒ܘͰ͸ґવͱͯ͠ EB/Ee = 6/11͕੒ཱ͢Δ
ͱͯ͠ Req (Eq. 27) and Eeq (Eq. 28)ΛٻΊ͍ͯΔɻ͜ͷ෇Ճ͞
ΕΔ RґଘੑΛແͨ͠ࢹॲํ͸ҎԼͰݟΔΑ͏ʹ͔ͳΓਖ਼֬ͳ
஋Λ༩͍͑ͯΔɻ࣮ࡍʹΤωϧΪʔ͕࠷খ஋ΛͱΔͱ͖Τωϧ
Ϊʔͷൺ͸ EB/Ee = 6

11 (
3

p+1 )ͱͳ͓ͬͯΓɺ൒ܘͱΤωϧΪʔ
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֯ Ω಺ʹ͍ͯ͠ࡏہΔͱ͢Δͱɺisotropic equivalent number of
electrons ͸ Ne,iso = (4π/Ω)Ne ͱ༩͑ΒΕΔɻΏ͑ʹ؍ଌ͞Ε
ΔϑϥοΫε͸ిͨ͋ࢠΓͷ์ࣹ཰ Pνp ≃

√
3e3B/mec2 (see Eq.

6.33 of Rybicki & Lightman 1979)Λ΋͍ͪͯ

Fp =
Pνp Ne,iso

4πd2
L
=

√
3e3BNe(1 + z)
Ωd2

Lmec2 , (B39)

ͱͳΔɻ14·ͨ SSA͕ޮ͘प೾਺ྖҬͰ͸

Fν,BB = πB′
ν′

(
R
dL

)2
= (1 + z)3 2ν2kBT

c2
πR2

d2
L

(B40)

≃ (1 + z)32ν2meγe
πR2

d2
L
, (B41)

ͱͳΔɻ15͜͜ͰɺҰߦ໨͔Βೋߦ໨ʹ͔͚ͯ kBT = γemec2 Λ
༻͍ͨɻ͜Ε͸ҎԼͰઆ໌͢ΔΑ͏ʹ νm ͱ νa ͷେখؔ܎ʹΑ
Βͣৗʹ੒ΓཱͭࣜͰ͋Δɻޙ࠷ʹϐʔΫϑϥοΫε͸ νm or νa
ͱͳΔ͕ɺ

η ≡
{
νm/νa : νa < νm ,
1 : νa > νm ,

(B42)

Λ༻͍ͯ νa ͰͷϑϥοΫεͱ

Fνa,BB = Fpη−1/3 , (B43)

ͱॻ͚Δɻཧ༝͸·ͩͪΌΜͱௐ΂͍ͯͳ͍͕ɺӈลʹ 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 fAΛಋೖͨ͠ɻ׬શͳΔٿମͰ͸؍ଌऀ͔Β πR2ʹݟ
͑ΔͷͰ΋ͪΖΜ 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 ΔͷͰ͍ͯ͑ߟ࿦จͰ͸૬ର࿦తΞ΢τϑϩʔΛݪ Ω = π/Γ2 ͱ͠
͍ͯΔɻΑͬͯඇ૬ର࿦తݶۃͰ͸ Γ→ 1Ͱ͸ Ω→ π ͱͳΔͷͰ༨෼
ͳҼࢠ 4 ͕ඞཁʹͳΔɻ
15 Several remarks: ॳͷࣜ͸Rybicki࠷(1) & Lightman (1979)ͷ Eq. (1.13)
Ͱ͋Δ͕ɺӉ஦࿦తʹਖ਼͍͠ͷ͔Α͘Θ͔ΒΜ (dA = dL/(1+z)2͔ͱͬࢥ
͕ͨҧ͏ͷ͔΋)ɻ(2) ࣍ͷ౳߸Ͱ͸ intensity ͷม׵ଇ: Iν = (ν/ν′)3I ′ν′
Λ༻͍ͨɻ͜Ε΋ਖ਼͍͠ͷ͔Α͘Θ͔ΒΜɻ(3) ࿦จͰ͸ཱମ֯ݱ Ω ͔
Βͷ์ࣹͳͷͰ A = fAΩR2 ͱ͍ͯ͠Δɻ͜ͷࡍɺ࠷ॳͷϑϥοΫεͷ
ࣜͱزԿֶ͕ҟͳΔͷͰΑ͘Θ͔ΒΜɻ͜ΕΒ͸໰୊͕ͩɺࠓ͸์ஔ͠
͓ͯ͘ɻ
16 ͜Εͱཱମ֯ͷؔ܎ Ω Λఆٛ͢Δͷ͸͔ͳΓ೉͍͠ɻ

ͱ൒ܘͷؔ਺ͱͯ͠ٻΊΒΕΔɻ͜͜Ͱɺݪ࿦จͱදݱΛҰக
ͤ͞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)ͷؔ܎ʹ͋Δɻٿମͷ৔߹
͸ Ω = 4π and fV = 4/3Ͱ͋Δɻ
ͯ͞ɺ์ࣹʹؔΘΔిࢠͱ࣓৔ͷΤωϧΪʔ͸ͦΕͧΕ Rͷ

গɺ૿Ճؔ਺Ͱ͋Γɺͦͷґଘੑ͸ͱͯ΋େ͖͍͜ͱ͕Θ͔ݮ
ΔɻΑͬͯɺ͜ΕΒͷ࿨͕࠷খʹͳΔ൒࣮ݱ͕ܘతͳ൒ܘͷ஋
Λ༩͑Δͱ͑ߟΔɻ൥ࡶͳࢉܭͷޙʹ

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๏ͱ͸͜ͷ఺͕ҧ͏͜
ͱʹ஫ҙ͢ΔɻChevalierͷํ๏Ͱ͸ equipartitionΛԾఆͯ͠৽ͨ
ͳύϥϝʔλ εe and εBΛಋೖ͍ͯ͠Δ͕ɺ͜ ͜Ͱ͸ΤωϧΪʔ࠷
খͱ͍͏৚݅Λ༻͍ͯ൒ܘΛಋग़͍ͯ͠Δɻ͔͠͠ɺ͜ͷ৚͕݅
ຬͨ͞ΕΔͱ͖ͷిࢠͱ࣓৔ͷΤωϧΪʔͷൺ͸ EB/Ee = 6/11
ͱͳ͓ͬͯΓɺ͜Ε͸ Eq. (B29)ʹ͓͍ͯ εB/εe = 6/11ͱ༩͑
͍ͯΔ͜ͱͱ౳ՁͰ͋Δɻ
ΤωϧΪʔ͕࠷খʹͳ͍ͬͯͳ͍৔߹ (εB/εe ! 6/11)ͷ൒ܘ

ͱΤωϧΪʔͷੵݟ΋Γ͸࣍ͷΑ͏ʹม͞ߋΕΔɻ೚ҙͷ εB and
εe ʹରͯ͠ରԠ͢Δ൒ܘ͸ 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

͜͜·Ͱ͸ϑϥοΫεͷϐʔΫΛ୲͏ిࢠͷΤωϧΪʔ Ee ʹ
ؔͯٞ͠࿦͍͕ͯͨ͠ɺ૬ର࿦తిࢠશମͷΤωϧΪʔ͸ҟͳΔ
৔߹͕͋Γ (νa > νm)ɺࢉܭΛิਖ਼͢Δඞཁ͕͋Δɻ૬ର࿦తిࢠ
ͷ΄ͱΜͲͷΤωϧΪʔ͸ νmʹରԠ͢Δి͕ࢠ୲͏ͷͰ νp = νm
ͷ৔߹͸ิਖ਼͸ඞཁͳ͍͕ɺνp = νa ͷ৔߹͸ (γm/γe)2−p ͷิ
ਖ਼߲Λ Ee ʹ͔͚ͨ΋ͷ͕૬ର࿦తిࢠͷશΤωϧΪʔͰ͋Δɻ
Αͬͯ͜ͷిࢠΤωϧΪʔΛ࠷ྀͯ͠ߟখԽ͢Δඞཁ͕͋Δɻݪ
࿦จͰ͸ిࢠΤωϧΪʔʹ෇Ճ͞ΕΔ ∝ R2(2−p)ͷґଘੑΛແࢹ
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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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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  A PPLICATION  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 
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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 
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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: 
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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 
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Ubiquitous late radio flare 

DeColle&Lu20

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

=>Off-axis jet cannot produce all events

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

AT 2018hyz Cendes+24



Event-rate consideration
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

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)

MNRAS 000, 1–?? (0000)

BH spin

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
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Ubiquitous late radio flare 

DeColle&Lu20

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

=>Off-axis jet cannot produce all events

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

AT 2018hyz Cendes+24



Double-peak radio flares 

DeColle&Lu20

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.

Re-brightening!
AT2019dsg

AT2020vwl

Cendes+21

Goodwin+23

Late-time rise with opt. thin spectrum
=> Different mechanism from the 1st peak to make radio rise

(Most late flares show opt. thin spectrum)
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Outflow reaches Bondi radius
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Light curve

Double peaks naturally arise!

Mej = 0.1Msun 
v = 0.1c 
p = 2.5 
εe = 0.1, εB = 0.01 
n∝R-2.5

ν = 6GHz
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Parameter dependence

Radio observations of AT2019azh 5331 

MNRAS 511, 5328–5345 (2022) 

Figure 1. Left : The luminosity of AT2019azh inferred from VLA observations at 9 (purple circles), 5.5 (green triangles), and 2.25 (yellow squares) GHz. 
Right: The luminosity of AT2019azh at 5.5 GHz inferred from VLA monitoring (purple triangles) and e-MERLIN observations reported in Perez-Torres et al. 
( 2019 ) (purple stars). For comparison, the ≈5 GHz luminosity of six other radio-detected thermal TDEs is shown. TDE data are from Alexander et al. ( 2016 ), 
van Velzen et al. ( 2016 ) (ASSASN-14li), Cendes et al. ( 2021b ), Stein et al. ( 2021 ) (AT2019dsg), Horesh et al. ( 2021a ) (ASASSN-15oi), Anderson et al. ( 2020 ) 
(CNSS J0019 + 00), Alexander et al. ( 2017 ) (XMSSL J0740 −85), and Irwin et al. ( 2015 ) (IGR J12580 + 0134). All luminosities are plotted with reference to the 
approximate inferred outflow launch date or the inferred optical first light if no estimate of the launch date is available. Error bars are plotted but obscured by 
the markers. 

The data were reduced using the OxKAT scripts (Heywood 2020 ). 
We used PKS J0408 −6544 (QSO B0408 −65) to set the flux density 
scale and calibrate the bandpass and ICRF J084205.0 + 183540 
as a secondary calibrator. The final images were made using the 
WSCLEAN imager (Offringa et al. 2014 ; Offringa & Smirnov 2017 ), 
and resolved into eight layers in frequency. WSCLEAN deconvolves 
the eight frequency layers together by fitting a polynomial in 
frequency to the brightness in the eight frequency layers. Our flux 
densities include both the statistical uncertainty and a systematic one 
due to the uncertainty in the flux-density bootstrapping, estimated at 
5 per cent. 

To ensure no systematic offset between epochs and instruments, in 
Appendix A we present an analysis of flux density measurements of 
three background sources for nine epochs of the VLA data and four 
epochs of the MeerKAT data. We found no significant systematic 
offset between the two instruments, and found that flux densities 
between VLA epochs were consistent to within ∼10 per cent . The 
flux scale obtained through calibration of the VLA data is consistent 
across epochs to within a few per cent, indicating that the flux 
density fluctuations we infer between epochs are larger than those 
expected through calibration differences alone. However, there is no 
systematic frequency dependence for these inter-epoch flux density 
variations, and these differences between epochs could be due to 
intrinsic variability of the background sources, which are expected 
to be variable at some level. 
2.3 Multiwav elength obser v ations 
We obtained forced point spread function fitting photometry of 
AT2019azh from the public ZTF MSIP data through the ZTF 
forced-photometry service (Masci et al. 2019 ). We filtered the 
resulting optical light curves for observations impacted by bad 
pixels, and required thresholds for the signal-to-noise of the ob- 
servations, seeing, the sigma per pixel in the input science image, 
and several parameters relating to the photometric and astrometric 
calibrators. 

The majority of the Swift UV O T observations were published in 
van Velzen et al. ( 2021 ). Here, we include new observations taken 
after the publication of that work. We used the UV O TSOURCE package 
to analyse the Swift UV O T photometry and the resulting UV data have 
been host galaxy subtracted. We also include NICER and XMM–
Newton observations reported in Hinkle et al. ( 2021 ). 
3  R A D I O  L I G H T  C U RV E  A N D  SPECTRA  
The 2.25, 5, and 9 GHz VLA light curves for AT2019azh are plotted 
in Fig. 1 , as well as a comparison of the 5 GHz light curve with 
other thermal TDE light curves. The radio emission from AT2019azh 
rose relatively slowly at all radio wavelengths until approximately 
625 d post-optical disco v ery, at which time the higher frequency 
( > 4 GHz) emission started to decrease while the 2 GHz emission 
remained relatively constant. Such a slow rise in the radio relative 
to the optical peak, which occurred around the time of our first 
radio detection, places AT2019azh in the slow-rising thermal TDE 
population (Fig. 1 ). In contrast, some thermal TDEs have been 
observ ed to be gin fading in the radio soon after the optical peak 
(e.g. Alexander et al. 2016 ; Horesh et al. 2021a ). 

The 5 GHz luminosity of AT2019azh increases approximately 
linearly with time, similar to that of the relati vistic e vent Sw 
J1644 + 57. Ho we ver, Sw J1644 + 57 rose to a peak within ∼100 d 
(Eftekhari et al. 2018 ), whereas AT2019azh took o v er ∼600 d. 
We note that AT2019azh was detected in the radio significantly 
earlier relative to the optical peak than the other thermal TDEs, 
and a similar slow rise cannot be ruled out for ASSASN-14li, 
CNSS J0019 + 00, or XMMSL1 J0740 −85. The rise observed for 
AT2019azh is significantly different than those of ASASSN-15oi, 
which had early radio non-detections (Horesh et al. 2021a ), and 
AT2019dsg, which rose to a peak o v er < 350 d with L ∝ t 2.5 (Stein 
et al. 2021 ). 

The luminosity of AT2019azh is now sharply decreasing, similar 
to the fading rates of AT2019dsg, ASASSN-14li, CNSS J0019 + 00, 
and ASASSN-15oi (Fig. 1 ). 
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Figure 4. Light curves for di↵erent slopes of the CNM density profile k, ISM densities nISM, and ejecta masses Mej, from left

to right. The density profiles adopted in the left panel are shown in Fig. 1. In the middle panel, we adopt a di↵erent functional

form of the density profile: Eq. (22) rather than Eq. (2).

Figure 5. Light curves of AT2019dsg and AT2020vwl at

6GHz, which are among the best late-time covered TDEs

and possible light curves based on our model (see Table 2 for

parameters). AT2019dsg shows a transition, at the first peak

⇠ 200 days, from optically thick to optically thin spectrum

at the observed (Stein et al. 2021; Cendes et al. 2021a). The

spectrum of AT2020vwl may hint a similar transition at the

first two epochs (Goodwin et al. 2023b).

in TDEs: AT2019dsg (Stein et al. 2021; Cendes et al.
2021a, 2023) that shows a double peak structure and
AT2020vwl (Goodwin et al. 2023b,a) that show a clear
minimum. The outflow is assumed to be launched at the
time of discovery of the TDE.4 The adopted parameters
and corresponding density profiles (For AT2019dsg, we
adopt a broken power-law function for the CNM profile

4 See Matsumoto et al. (2022) for a discussion of the origin of the
outflow in AT2019dsg. We also showed that the radio emission of
AT2019dsg cannot be explained by an o↵-axis jet in Matsumoto
& Piran (2023).

Figure 6. Examples of 6GHz light curves of TDEs with

late-time scarce observations: PS16dtm and ASSASN14ae.

Both events show strong early upper limits. PS16dtm shows

a late-time maximum, and ASSASN14ae shows a late-time

rapid rise. The dashed lines show tentative light curves that

follows from our model (see Table 2 for parameters). Even

though the fits are not unique, valuable information about

the source can be obtained from the data.

to mimic the result by the equipartition analysis (e.g.,
Matsumoto et al. 2022)) are shown in Table 2 and Fig. 7.
We stress again that these parameters are not obtained
by exploring the entire parameter space. We find that
both events are reasonably reproduced by typical pa-
rameter values of p ' 2.5, "e ' 0.1, "B ' 0.01, and
� ' 0.1 while we adopt the observationally obtained
values for p. We also confirm that the radio spectra are
also reasonably reproduced by our model.
As an example for TDEs that have a flare with lim-

ited late-time data, Fig. 6 depicts two events taken from
Cendes et al. (2023): PS16dtm showing a late-time op-
tically thin maximum, and ASSASN14ae showing a fast

Slope of density profile

Profile for Bondi accretion can explain slow rise (AT2019azh?) 

Goodwin+22,Sfaradi+22

Matsumoto&Piran 24



Parameter dependence
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and possible light curves based on our model (see Table 2 for
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⇠ 200 days, from optically thick to optically thin spectrum

at the observed (Stein et al. 2021; Cendes et al. 2021a). The
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2021a, 2023) that shows a double peak structure and
AT2020vwl (Goodwin et al. 2023b,a) that show a clear
minimum. The outflow is assumed to be launched at the
time of discovery of the TDE.4 The adopted parameters
and corresponding density profiles (For AT2019dsg, we
adopt a broken power-law function for the CNM profile

4 See Matsumoto et al. (2022) for a discussion of the origin of the
outflow in AT2019dsg. We also showed that the radio emission of
AT2019dsg cannot be explained by an o↵-axis jet in Matsumoto
& Piran (2023).

Figure 6. Examples of 6GHz light curves of TDEs with

late-time scarce observations: PS16dtm and ASSASN14ae.

Both events show strong early upper limits. PS16dtm shows

a late-time maximum, and ASSASN14ae shows a late-time

rapid rise. The dashed lines show tentative light curves that

follows from our model (see Table 2 for parameters). Even

though the fits are not unique, valuable information about

the source can be obtained from the data.

to mimic the result by the equipartition analysis (e.g.,
Matsumoto et al. 2022)) are shown in Table 2 and Fig. 7.
We stress again that these parameters are not obtained
by exploring the entire parameter space. We find that
both events are reasonably reproduced by typical pa-
rameter values of p ' 2.5, "e ' 0.1, "B ' 0.01, and
� ' 0.1 while we adopt the observationally obtained
values for p. We also confirm that the radio spectra are
also reasonably reproduced by our model.
As an example for TDEs that have a flare with lim-

ited late-time data, Fig. 6 depicts two events taken from
Cendes et al. (2023): PS16dtm showing a late-time op-
tically thin maximum, and ASSASN14ae showing a fast
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small shift of tmin from RB/v. This factor is given by

fLmin = f3
tmin

(1 + f−k
tmin

)
p+1
4

(
1 +

3

3− k
f−k
tmin

)
, (17)

and its dependence on p and k is depicted in the bottom
panel of Fig. 3. Note that obtaining these correction
factors, which depend on p and k, is part of the fitting
procedure of the data to the model.
The radio light curve rises until the outflow starts de-

celerating. This occurs when the swept-up mass be-
comes comparable to the outflow’s original mass at

Rdec ≃
(

3Mej

4πmpnISM

)1/3

≃ 6.6× 1017 cmM1/3
ej,−1n

−1/3
ISM,2 ,

(18)

whereMej,−1 = Mej/(0.1M⊙). Therefore, the radio light
curve has a second peak at

t2nd ≃ Rdec/v ≃ 2500 dayM1/3
ej,−1n

−1/3
ISM,2β

−1
−1 , (19)

whose luminosity is given by

(νLν)2nd
p=2.5
≃ 5.2× 1038 erg s−1 ε̄e,−1ε

p+1
4

B,−2

n
p+1
4

ISM,2Mej,−1β
p+5
2

−1 ν
3−p
2

6GHz

(
Ω

4π

)
. (20)

After the second peak the outflow decelerates as β ∝
t−3/5 and R ∝ t2/5, and the radio luminosity declines as
νLν ∝ t−3(p+1)/10. Note that this peak may be the only
peak if the inner density profile is sufficiently shallow.
The evolution of the luminosity νLν ∝ t3, between

the minimum and the second peak gives an interesting
closure relation between the time and luminosity of the
minimal and second peak:

(νLν)2nd
(νLν)min

=

(
t2nd
tmin

)3

, (21)

However, this may not strictly hold because an actual
light curve evolves smoothly between the minimum and
the second peak and flattens around both the minimum
and peak, as shown in our numerical results (see the
right panel of Fig. 4). In particular, when the Bondi and
deceleration radii are close, the light curve rises slowly.

2.1. The diversity of radio light curves

Given the radio light curve’s basic nature, we now
explore its parameter dependence. Here we focus on
three key parameters: the slope of the CNM profile k,
the ISM density nISM, and the ejecta mass Mej.
Fig. 4 depicts light curves for different k, nISM, and

Mej. The CNM density profile affects only the first peak
of the radio light curve. Shallower profiles make the first
peak earlier and less luminous because the CNM density
is lower for a smaller k value with a fixed Bondi radius

and a fixed ISM density. In particular, for very shallow
slopes of k ! 12/(p+ 5), the first peak disappears and
the light curve rises monotonically (see Eq. (7)). In-
terestingly, for slopes expected for the Bondi accretion,
k ≃ 1.5, we cannot detect a bright early-time radio flare
at ∼ 100 days. This may explain why TDEs with early
radio detection always have steep density profiles (e.g.,
Alexander et al. 2020). A slow rise of the light curve
of AT2019azh (Goodwin et al. 2022; Sfaradi et al. 2022)
may also be explained by the shallow density profile. We
note that the minimum appears earlier for smaller k cor-
responding to the behavior of the correction factor ftmin

in the top panel of Fig. 3.
The middle and right panels of Fig. 4 depict light

curves obtained by varying nISM and Mej, respectively.
As long as the deceleration radius is larger than the
Bondi radius, both parameters impact the light curves
only after the minimum. In the middle panel, we adopt
a different parameterization for the density profile than
Eq. (2)

n(R) = 100 cm−3

(
R

1017 cm

)−k

+ nISM , (22)

so that we have the same light curve around the
first peak. With this parameterization, the Bondi ra-
dius or equivalently the radius at which the CNM
and ISM densities are comparable is given by RB =

1017 cm
(

100 cm−3

nISM

)1/k
.

Larger ISM densities give brighter radio signals due
to the larger number of emitting particles, while short-
ening the timescale, resulting in earlier minimum and
second peak. The ejecta mass changes the deceleration
timescale. A larger ejecta mass also gives a brighter sec-
ond peak because more mass is emitting during the peak.
This behavior is similar to the one of radio afterglows of
binary neutron star mergers (e.g., Nakar & Piran 2011).

2.2. A comparison with individual events

To demonstrate the model, we compare it to a few
observed late-time radio flares. We emphasize that due
to a lack of sufficient data, we do not attempt to carry
out a detailed “best fit” procedure, and our aim is just
to demonstrate the potential of this model. Before tak-
ing a closer look at individual events, we empathize two
points: First, after the first peak, the outflow is opti-
cally thin to SSA at the observed frequency, and any
variation in the light curve above this frequency should
be achromatic. Second, once the emission becomes opti-
cally thin, the light curve cannot rise steeper than ∝ t3

unless the external density profile increases. While the
current data is still limited, we notice that these points
are satisfied by many events observed so far. Note, how-
ever, that some, like AT 2018hyz, in which the light
curve rises like ∝ t5, cannot be explained by this model
and are better explained by a relativistic off-axis jet.
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Figure 4. Light curves for di↵erent slopes of the CNM density profile k, ISM densities nISM, and ejecta masses Mej, from left

to right. The density profiles adopted in the left panel are shown in Fig. 1. In the middle panel, we adopt a di↵erent functional

form of the density profile: Eq. (22) rather than Eq. (2).

Figure 5. Light curves of AT2019dsg and AT2020vwl at

6GHz, which are among the best late-time covered TDEs

and possible light curves based on our model (see Table 2 for

parameters). AT2019dsg shows a transition, at the first peak

⇠ 200 days, from optically thick to optically thin spectrum

at the observed (Stein et al. 2021; Cendes et al. 2021a). The

spectrum of AT2020vwl may hint a similar transition at the

first two epochs (Goodwin et al. 2023b).

in TDEs: AT2019dsg (Stein et al. 2021; Cendes et al.
2021a, 2023) that shows a double peak structure and
AT2020vwl (Goodwin et al. 2023b,a) that show a clear
minimum. The outflow is assumed to be launched at the
time of discovery of the TDE.4 The adopted parameters
and corresponding density profiles (For AT2019dsg, we
adopt a broken power-law function for the CNM profile

4 See Matsumoto et al. (2022) for a discussion of the origin of the
outflow in AT2019dsg. We also showed that the radio emission of
AT2019dsg cannot be explained by an o↵-axis jet in Matsumoto
& Piran (2023).

Figure 6. Examples of 6GHz light curves of TDEs with

late-time scarce observations: PS16dtm and ASSASN14ae.

Both events show strong early upper limits. PS16dtm shows

a late-time maximum, and ASSASN14ae shows a late-time

rapid rise. The dashed lines show tentative light curves that

follows from our model (see Table 2 for parameters). Even

though the fits are not unique, valuable information about

the source can be obtained from the data.

to mimic the result by the equipartition analysis (e.g.,
Matsumoto et al. 2022)) are shown in Table 2 and Fig. 7.
We stress again that these parameters are not obtained
by exploring the entire parameter space. We find that
both events are reasonably reproduced by typical pa-
rameter values of p ' 2.5, "e ' 0.1, "B ' 0.01, and
� ' 0.1 while we adopt the observationally obtained
values for p. We also confirm that the radio spectra are
also reasonably reproduced by our model.
As an example for TDEs that have a flare with lim-

ited late-time data, Fig. 6 depicts two events taken from
Cendes et al. (2023): PS16dtm showing a late-time op-
tically thin maximum, and ASSASN14ae showing a fast
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by exploring the entire parameter space. We find that
both events are reasonably reproduced by typical pa-
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� ' 0.1 while we adopt the observationally obtained
values for p. We also confirm that the radio spectra are
also reasonably reproduced by our model.
As an example for TDEs that have a flare with lim-

ited late-time data, Fig. 6 depicts two events taken from
Cendes et al. (2023): PS16dtm showing a late-time op-
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Figure 7. Density profiles adopted to depict the light

curves of individual objects in Figs. 5 and 6. The color

scheme is the same as in those figures. Squares represent

density profiles obtained by the equipatition analysis of the

early light curve (the same as those shown in Fig. 1).

rise at ' 2000 days. Clearly, these events do not have
enough data to obtain a unique fit to our model. Still,
we present in Fig. 6 a tentative fit whose parameters are
given in Table 2. We demonstrate in the following that
even with such minimal data some information on the
source can be obtained.

2.3. Parameters Inference

The emission after the first peak is described by an
optically-thin synchrotron. Thus, the radio reflects the
density profile of the surrounding medium and the out-
flow dynamics. Clearly, a good fit to the whole light
curve provides us directly the whole density profile of
the CNM and the ISM surrounding the SMBH. Such
curves are shown in Fig. 7 for the events discussed ear-
lier.
However, we can constrain the parameters characteriz-

ing the radio light curve and the density even in cases we
do not have the full light-curve data but either the mini-
mum or the second peak is well identified. When a radio
light curve has a minimum at tmin with (⌫L⌫)min

and
given the ejecta velocity, for example from earlier obser-
vations, these observables give estimates of the Bondi

radius and the ISM density:

RB ' vtmin/ftmin ' 7.8⇥ 1016 cm��1tmin,300dayf
�1

tmin
,

(23)

nISM

p=2.5
' 1.1⇥ 102 cm�3 "̄

� 4
p+5

e,�1
"
� p+1

p+5

B,�2
�
� 2(p+11)

p+5

�1

⌫
2(p�3)
p+5

6GHz
(⌫L⌫)

4
p+5

min,37

✓
⌦

4⇡

◆� 4
p+5

t
� 12

p+5

min,300dayf
12

p+5

tmin
f
� 4

p+5

Lmin,1
,

(24)

where we used Eqs. (14) and (16), and the minimum
timescale is normalized by 300 days.
Figs. 8 and 9 demonstrate how these relations con-

strain RB and nISM assuming all events share the same
parameters of p = 2.5, "e = 0.1, "B = 0.01, and � = 0.1.
Realistically, each event has di↵erent parameter values
and they cannot be put in the same figure. In Fig. 8,
ISM density contours are drawn along with observed
events. An identification of the minimum is possible
only for AT2019dsg and AT2020vwl, which show a sec-
ondary rise. Other events showing a rising light curve
with an optically thin SED put only upper limits on the
timescale and luminosity of the minima. In Fig. 9, we
recast the relations and draw minimum timescale and lu-
minosity contours. Intriguingly, constraining the Bondi
radius allows us to infer the BH mass up to the un-
certainty of the ISM sound velocity (or, equivalently,
the ISM temperature). As an example, we add an axis
for the BH mass at the top of the figure, assuming
T = 107 K. For the observed events, the BH mass is
constrained to be . 106 M�, similar to expected values
for typical TDEs (Ryu et al. 2020; Hammerstein et al.
2023; Yao et al. 2023).
The timescale and luminosity of the second peak (or

more generally a radio peak caused by a deceleration of
an optically-thin outflow) constrain the ejecta mass and
ISM density:

Mej

p=2.5
' 3.9⇥ 10�2 M� "̄

� 4
p+5

e,�1
"
� p+1

p+5

B,�2
�
� p�7

p+5

�1

⌫
2(p�3)
p+5
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4
p+5

2nd,39

✓
⌦

4⇡

◆� 4
p+5

t
3(p+1)
p+5

2nd,1000day ,

(25)

nISM

p=2.5
' 6.3⇥ 102 cm�3 "̄

� 4
p+5

e,�1
"
� p+1

p+5

B,�2
�
� 2(p+11)

p+5

�1

⌫
2(p�3)
p+5

6GHz
(⌫L⌫)

4
p+5

min,39

✓
⌦

4⇡

◆� 4
p+5

t
� 12

p+5

2nd,1000day .

(26)

The second equation is basically the same as Eq. (24)
but for the timescale and luminosity of the second peak.
These relations are shown in Figs. 10 and 11 in the same
way as for the minima discussed earlier. A relatively
secure identification of the second peak is possible only
for PS16dtm. Other events showing a rise give only
lower limits on t2nd and (L⌫)2nd.
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Table 2. Fitting parameters for individual events in Fig. 5.

Event p "e "B Mej �0 nISM RB k

[M�] [cm�3] [1017cm]

AT2019dsg 2.7 0.2 0.02 0.1 0.1 100 1 1.2 & 4.5

AT2020vwl 3 0.15 0.01 0.1 0.1 250 1 2.5

PS16dtm 2.1 0.13 0.01 0.04 0.08 90 0.4 2.5

ASASSN14ae 2.2 0.08 0.01 0.2 0.1 10 1.5 2.5

The second peak allows us to constrain the mass and
kinetic energy of the radio-emitting outflow. The latter
is estimated by using Eq. (25):

Ekin

p=2.5
' 1

2
Mejv

2 ' 3.5⇥ 1050 erg "̄
� 4

p+5

e,�1
"
� p+1

p+5

B,�2
�

p+17
p+5

�1

⌫
2(p�3)
p+5

6GHz
(⌫L⌫)

4
p+5

2nd,39

✓
⌦

4⇡

◆� 4
p+5

t
3(p+1)
p+5

2nd,1000day . (27)

As at this stage, the whole mass of the outflow was
slowed down, Eqs. (25) and (27) estimate the total mass
and energy of the outflow. This should be contrasted
with analysis of the early afterglow that gives an esti-
mate only of the mass and energy of the emitting mate-
rial (Matsumoto et al. 2022). For PS16dtm, even taking
into account for the uncertainty of velocity, the ejecta
mass is constrained to . 0.1M� unless the equiparti-
tion parameters are much smaller than typical values
(Mej / "�0.53

e
"�0.47
B

�0.6 for p = 2.5). This value is sig-
nificantly smaller than that required for the reprocess-
ing outflow model for optical emissions (e.g., Metzger &
Stone 2016, see also Matsumoto & Piran 2021b for the
mass budget of optical TDE models), and that of the
unbound debris (e.g., Krolik et al. 2016). However, one
has to recall that the late-time radio data for this event
is rather scarce, and our tentative identification of the
maximum might be wrong (see Fig. 6).
It is important to stress that these last estimates of

the ejected mass and energy are quite general. For ex-
ample it has been suggested that the late radio flares
arise from delayed outflows (Cendes et al. 2022, 2023;
Teboul & Metzger 2023; Lu et al. 2023). Since in most
cases the emission is optically thin (at least the high fre-
quency part of the radio spectra) then, regardless of the
launching time, these mass and energy estimates should
be valid and current mass estimation already constrains
the scenario that produce those delayed outflows.
TM: Do you mind if I restore the following discussion

that the disk outflow from standard-to-ADAF transition
is unlikely as the origin of the delayed outflows? This
is because in the conference I heard that some people
do consider this possilibility. For example, an outflow
from a radiatively-ine�cient accretion flow formed by
a state transition of an accretion disk, has a di�culty
to produce the late flares. Late-time UV/optical obser-
vations found a flattening of light curves suggesting a
formation of an accretion disk (van Velzen et al. 2019;

Mummery et al. 2024). When the accretion rate be-
comes smaller than a critical value ṀRIAF ⇠ ↵2ṀEdd

(Yuan & Narayan 2014), the disk cannot cool e�ciently
via radiation and hot accretion flow is formed (Ichimaru
1977; Narayan & Yi 1994), which is accompanied by a
strong outflow (Blandford & Begelman 1999). Here, ↵
is the viscous parameter (Shakura & Sunyaev 1973) and
ṀEdd = LEdd/(⌘c2) ' 1.8 ⇥ 10�4 M� yr�1 ⌘�1

�1
M•,6 is

the mass accretion rate corresponding to the Edding-
ton luminosity with the radiative e�ciency of ⌘ = 0.1.
Since the estimation of the transition timescale sensi-
tively depends on the disk model (e.g., Cannizzo et al.
1990; Shen & Matzner 2014; Murase et al. 2020), here we
phenomenologically assume that the transition happens
at tdelay ⇠ 103 day and estimated the outflow mass

Mwind ⇠ ṀRIAFtdelay

⇠ 6.1⇥ 10�4 M� ↵2

�1
M•,6

✓
tdelay
103 day

◆
, (28)

which is smaller than the estimated outflow mass as
shown in Fig. 11.

3. SUMMARY

Late-time TDE radio flares (Horesh et al. 2021b; Cen-
des et al. 2022; Goodwin et al. 2022; Perlman et al. 2022;
Sfaradi et al. 2022; Cendes et al. 2023; Goodwin et al.
2023b; Somalwar et al. 2023; Sfaradi et al. 2024; Zhang
et al. 2024; Christy et al. 2024) are an intriguing part
of the TDE puzzle. Some cases, notably AT2018hyz,
show a late-time very steep rise. Those late radio flare
arise from o↵-axis relativistic jets that are slowing down
and whose beamed emission is coming into our line of
sight (Matsumoto & Piran 2023; Beniamini et al. 2023;
Sfaradi et al. 2024). However, o↵-axis relativistic jets
cannot explain all events and in particular Matsumoto
& Piran (2023) have shown that the observed radio light
curve of AT2019dsg is incompatible with this interpre-
tation.
We propose, here, a novel model to explain some of the

late-time radio flares. In this model the density profile
around the SMBH flattens outside of the Bondi radius.
An outflow expanding at a constant velocity can natu-
rally produce the observed double-peak radio light curve
(Fig. 2) as seen for AT2019dsg and AT2020vwl. The
first peak is produced by a transition from SSA-thick
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Figure 8. Observationally identified (stars) or constrained

(arrows) minima in radio light curves. Diagonal lines rep-

resent contours of fixed ISM density. The top horizontal

axis shows the Bondi radius corresponding to the minimum

timescale. These contours and axis are obtained for param-

eters of p = 2.5, εe = 0.1, εB = 0.01, β = 0.1, ftmin = 1, and

fLmin = 10.

Figure 9. The same as Fig. 8 with the Bondi radius and

the ISM density as horizontal and vertical axes, respectively.

The top horizontal axis shows the corresponding BH mass

estimated for T = 107 K.

ergy of the outflow if the outflow’s velocity is known,
for example, from an analysis of the first peak. For our
sample, the estimated BH masses, ! 3 × 106 M⊙, are
within a range of a typical SMBH mass (Fig. 9). The
estimated ejecta mass (Fig. 11), which is " 0.01M⊙, is
consistent with the one expected from unbound debris

Figure 10. The same as Fig. 8 but for the second peak.

Note that the data for PS16dtm is rather scarce, and hence,

the estimates are less certain.

Figure 11. The same as Fig. 11 but for the second peak,

which constrains the ejecta mass and ISM density. The top

horizontal axis shows the corresponding kinetic energy for

β = 0.1. Note that the data for PS16dtm is rather scarce,

and hence, the estimates are less certain.

(Krolik et al. 2016) or from the reprocessed outflow for
optical emissions (Metzger & Stone 2016).
To summarize, we have outlined a model for the pro-

duction of late-radio flares from TDEs and interpreta-
tion of their observations. Current data is, in practically
all cases, insufficient, and as such, we compared it only
to a simplified model that ignores the velocity distribu-
tion within the outflow. Further detailed observations,
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Figure 7. Density profiles adopted to depict the light

curves of individual objects in Figs. 5 and 6. The color

scheme is the same as in those figures. Squares represent

density profiles obtained by the equipartition analysis of the

early light curve (the same as those shown in Fig. 1).

Cendes et al. (2023): PS16dtm showing a late-time op-
tically thin maximum, and ASSASN14ae showing a fast
rise at ≃ 2000 days. Clearly, these events do not have
enough data to obtain a unique fit. Still, we present
in Fig. 6 a tentative fit whose parameters are given in
Table 2. We demonstrate in the following that some in-
formation on the source can be obtained even with such
minimal data.

2.3. Parameters Inference

The emission after the first peak is described by an
optically thin synchrotron. Thus, the radio reflects the
density profile of the surrounding medium and the out-
flow dynamics. Clearly, a good fit to the whole light
curve directly provides the density profile of the CNM
and the ISM surrounding the SMBH. Such curves are
shown in Fig. 7 for the events discussed earlier.
We can constrain the parameters characterizing the

radio light curve and the density even when we do not
have the complete light-curve data, but the minimum
or the second peak is well identified. When a radio
light curve has a minimum at tmin with (νLν)min and
given the ejecta velocity, for example from earlier obser-
vations, these observables give estimates of the Bondi

radius and the ISM density:

RB ≃ vtmin/ftmin ≃ 7.8× 1016 cmβ−1tmin,300dayf
−1
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,
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(24)

where we used Eqs. (14) and (16), and the minimum
timescale is normalized by 300 days.
Figs. 8 and 9 demonstrate how these relations con-

strain RB and nISM assuming all events share the same
parameters of p = 2.5, εe = 0.1, εB = 0.01, and β = 0.1.
Realistically, each event has different parameter values
and they cannot be put in the same figure. In Fig. 8,
ISM density contours are drawn along with observed
events. Identifying the minimum is possible only for
AT2019dsg and AT2020vwl, which show a secondary
rise. Other events showing a rising light curve with
an optically thin SED put only upper limits on the
timescale and luminosity of the minima. In Fig. 9, we
recast the relations and draw minimum timescale and lu-
minosity contours. Intriguingly, constraining the Bondi
radius allows us to infer the BH mass up to the un-
certainty of the ISM sound velocity (or, equivalently,
the ISM temperature). As an example, we add an axis
for the BH mass at the top of the figure, assuming
T = 107 K. For the observed events, the BH mass is
constrained to be ! 106 M⊙, similar to expected values
for typical TDEs (Ryu et al. 2020; Hammerstein et al.
2023; Yao et al. 2023).
The timescale and luminosity of the second peak (or,

more generally, a radio peak caused by a deceleration of
an optically-thin outflow) constrain the ejecta mass and
ISM density:
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The second equation is basically the same as Eq. (24)
but for the timescale and luminosity of the second peak.
These relations are shown in Figs. 10 and 11 similarly to
the minima discussed earlier. A relatively secure identi-
fication of the second peak is possible only for PS16dtm.
Other events showing a rise give only lower limits on t2nd
and (νLν)2nd.
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scheme is the same as in those figures. Squares represent
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Cendes et al. (2023): PS16dtm showing a late-time op-
tically thin maximum, and ASSASN14ae showing a fast
rise at ≃ 2000 days. Clearly, these events do not have
enough data to obtain a unique fit. Still, we present
in Fig. 6 a tentative fit whose parameters are given in
Table 2. We demonstrate in the following that some in-
formation on the source can be obtained even with such
minimal data.

2.3. Parameters Inference

The emission after the first peak is described by an
optically thin synchrotron. Thus, the radio reflects the
density profile of the surrounding medium and the out-
flow dynamics. Clearly, a good fit to the whole light
curve directly provides the density profile of the CNM
and the ISM surrounding the SMBH. Such curves are
shown in Fig. 7 for the events discussed earlier.
We can constrain the parameters characterizing the

radio light curve and the density even when we do not
have the complete light-curve data, but the minimum
or the second peak is well identified. When a radio
light curve has a minimum at tmin with (νLν)min and
given the ejecta velocity, for example from earlier obser-
vations, these observables give estimates of the Bondi
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where we used Eqs. (14) and (16), and the minimum
timescale is normalized by 300 days.
Figs. 8 and 9 demonstrate how these relations con-

strain RB and nISM assuming all events share the same
parameters of p = 2.5, εe = 0.1, εB = 0.01, and β = 0.1.
Realistically, each event has different parameter values
and they cannot be put in the same figure. In Fig. 8,
ISM density contours are drawn along with observed
events. Identifying the minimum is possible only for
AT2019dsg and AT2020vwl, which show a secondary
rise. Other events showing a rising light curve with
an optically thin SED put only upper limits on the
timescale and luminosity of the minima. In Fig. 9, we
recast the relations and draw minimum timescale and lu-
minosity contours. Intriguingly, constraining the Bondi
radius allows us to infer the BH mass up to the un-
certainty of the ISM sound velocity (or, equivalently,
the ISM temperature). As an example, we add an axis
for the BH mass at the top of the figure, assuming
T = 107 K. For the observed events, the BH mass is
constrained to be ! 106 M⊙, similar to expected values
for typical TDEs (Ryu et al. 2020; Hammerstein et al.
2023; Yao et al. 2023).
The timescale and luminosity of the second peak (or,

more generally, a radio peak caused by a deceleration of
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ISM density:

Mej
p=2.5
≃ 3.9× 10−2 M⊙ ε̄

− 4
p+5

e,−1 ε
− p+1

p+5

B,−2 β
− p−7

p+5

−1

ν
2(p−3)
p+5

6GHz (νLν)
4

p+5

2nd,39

(
Ω

4π

)− 4
p+5

t
3(p+1)
p+5

2nd,1000day ,

(25)

nISM
p=2.5
≃ 6.3× 102 cm−3 ε̄

− 4
p+5

e,−1 ε
− p+1

p+5

B,−2 β
− 2(p+11)

p+5

−1

ν
2(p−3)
p+5

6GHz (νLν)
4

p+5

2nd,39

(
Ω

4π

)− 4
p+5

t
− 12

p+5

2nd,1000day .

(26)

The second equation is basically the same as Eq. (24)
but for the timescale and luminosity of the second peak.
These relations are shown in Figs. 10 and 11 similarly to
the minima discussed earlier. A relatively secure identi-
fication of the second peak is possible only for PS16dtm.
Other events showing a rise give only lower limits on t2nd
and (νLν)2nd.

Late-time Radio in TDEs 7

Figure 7. Density profiles adopted to depict the light

curves of individual objects in Figs. 5 and 6. The color

scheme is the same as in those figures. Squares represent

density profiles obtained by the equipartition analysis of the

early light curve (the same as those shown in Fig. 1).

Cendes et al. (2023): PS16dtm showing a late-time op-
tically thin maximum, and ASSASN14ae showing a fast
rise at ≃ 2000 days. Clearly, these events do not have
enough data to obtain a unique fit. Still, we present
in Fig. 6 a tentative fit whose parameters are given in
Table 2. We demonstrate in the following that some in-
formation on the source can be obtained even with such
minimal data.

2.3. Parameters Inference

The emission after the first peak is described by an
optically thin synchrotron. Thus, the radio reflects the
density profile of the surrounding medium and the out-
flow dynamics. Clearly, a good fit to the whole light
curve directly provides the density profile of the CNM
and the ISM surrounding the SMBH. Such curves are
shown in Fig. 7 for the events discussed earlier.
We can constrain the parameters characterizing the

radio light curve and the density even when we do not
have the complete light-curve data, but the minimum
or the second peak is well identified. When a radio
light curve has a minimum at tmin with (νLν)min and
given the ejecta velocity, for example from earlier obser-
vations, these observables give estimates of the Bondi

radius and the ISM density:

RB ≃ vtmin/ftmin ≃ 7.8× 1016 cmβ−1tmin,300dayf
−1
tmin

,

(23)

nISM
p=2.5
≃ 1.1× 102 cm−3 ε̄

− 4
p+5

e,−1 ε
− p+1

p+5

B,−2 β
− 2(p+11)

p+5

−1

ν
2(p−3)
p+5

6GHz (νLν)
4

p+5

min,37

(
Ω

4π

)− 4
p+5

t
− 12

p+5

min,300dayf
12

p+5

tmin
f
− 4

p+5

Lmin,1
,

(24)

where we used Eqs. (14) and (16), and the minimum
timescale is normalized by 300 days.
Figs. 8 and 9 demonstrate how these relations con-

strain RB and nISM assuming all events share the same
parameters of p = 2.5, εe = 0.1, εB = 0.01, and β = 0.1.
Realistically, each event has different parameter values
and they cannot be put in the same figure. In Fig. 8,
ISM density contours are drawn along with observed
events. Identifying the minimum is possible only for
AT2019dsg and AT2020vwl, which show a secondary
rise. Other events showing a rising light curve with
an optically thin SED put only upper limits on the
timescale and luminosity of the minima. In Fig. 9, we
recast the relations and draw minimum timescale and lu-
minosity contours. Intriguingly, constraining the Bondi
radius allows us to infer the BH mass up to the un-
certainty of the ISM sound velocity (or, equivalently,
the ISM temperature). As an example, we add an axis
for the BH mass at the top of the figure, assuming
T = 107 K. For the observed events, the BH mass is
constrained to be ! 106 M⊙, similar to expected values
for typical TDEs (Ryu et al. 2020; Hammerstein et al.
2023; Yao et al. 2023).
The timescale and luminosity of the second peak (or,
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ISM density:
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The second equation is basically the same as Eq. (24)
but for the timescale and luminosity of the second peak.
These relations are shown in Figs. 10 and 11 similarly to
the minima discussed earlier. A relatively secure identi-
fication of the second peak is possible only for PS16dtm.
Other events showing a rise give only lower limits on t2nd
and (νLν)2nd.
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Figure 8. Observationally identified (stars) or constrained

(arrows) minima in radio light curves. Diagonal lines rep-

resent contours of fixed ISM density. The top horizontal

axis shows the Bondi radius corresponding to the minimum

timescale. These contours and axis are obtained for param-

eters of p = 2.5, "e = 0.1, "B = 0.01, and � = 0.1.

Figure 9. The same as Fig. 8 with the Bondi radius and

the ISM density as horizontal and vertical axes, respectively.

The top horizontal axis shows the corresponding BH mass

estimated for T = 107 K.

to SSA-thin optical depth (at the observed frequency)
within a decreasing density profile as suggested by pre-
vious observations (e.g., Krolik et al. 2016; Alexander
et al. 2016; Anderson et al. 2020). However, we found
that depending on the slope of the density profile the
first peak may not always appear (see the left panel of
Fig. 4). In particular for density profiles shallower than

Figure 10. The same as Fig. 8 but for the second peak.

Note that the data for PS16dtm is rather scarce, and hence,

the estimates are less certain.

Figure 11. The same as Fig. 11 but for the second peak,

which constrains the ejecta mass and ISM density. The top

horizontal axis shows the corresponding kinetic energy for

� = 0.1. Note that the data for PS16dtm is rather scarce,

and hence, the estimates are less certain.

R�3/2, which are expected for Bondi accretion, the light
curve rises monotonically. In cases when the first peak
appears, the radio light curve declines until the outflow
reaches the Bondi radius at ⇠ 1017 cm (see Eq. 1). Be-
yond the Bondi radius a constant density profile is ex-

2nd peak in light curve=>outflow mass
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Figure 7. Density profiles adopted to depict the light

curves of individual objects in Figs. 5 and 6. The color

scheme is the same as in those figures. Squares represent

density profiles obtained by the equipartition analysis of the

early light curve (the same as those shown in Fig. 1).

Cendes et al. (2023): PS16dtm showing a late-time op-
tically thin maximum, and ASSASN14ae showing a fast
rise at ≃ 2000 days. Clearly, these events do not have
enough data to obtain a unique fit. Still, we present
in Fig. 6 a tentative fit whose parameters are given in
Table 2. We demonstrate in the following that some in-
formation on the source can be obtained even with such
minimal data.

2.3. Parameters Inference

The emission after the first peak is described by an
optically thin synchrotron. Thus, the radio reflects the
density profile of the surrounding medium and the out-
flow dynamics. Clearly, a good fit to the whole light
curve directly provides the density profile of the CNM
and the ISM surrounding the SMBH. Such curves are
shown in Fig. 7 for the events discussed earlier.
We can constrain the parameters characterizing the

radio light curve and the density even when we do not
have the complete light-curve data, but the minimum
or the second peak is well identified. When a radio
light curve has a minimum at tmin with (νLν)min and
given the ejecta velocity, for example from earlier obser-
vations, these observables give estimates of the Bondi

radius and the ISM density:
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where we used Eqs. (14) and (16), and the minimum
timescale is normalized by 300 days.
Figs. 8 and 9 demonstrate how these relations con-

strain RB and nISM assuming all events share the same
parameters of p = 2.5, εe = 0.1, εB = 0.01, and β = 0.1.
Realistically, each event has different parameter values
and they cannot be put in the same figure. In Fig. 8,
ISM density contours are drawn along with observed
events. Identifying the minimum is possible only for
AT2019dsg and AT2020vwl, which show a secondary
rise. Other events showing a rising light curve with
an optically thin SED put only upper limits on the
timescale and luminosity of the minima. In Fig. 9, we
recast the relations and draw minimum timescale and lu-
minosity contours. Intriguingly, constraining the Bondi
radius allows us to infer the BH mass up to the un-
certainty of the ISM sound velocity (or, equivalently,
the ISM temperature). As an example, we add an axis
for the BH mass at the top of the figure, assuming
T = 107 K. For the observed events, the BH mass is
constrained to be ! 106 M⊙, similar to expected values
for typical TDEs (Ryu et al. 2020; Hammerstein et al.
2023; Yao et al. 2023).
The timescale and luminosity of the second peak (or,

more generally, a radio peak caused by a deceleration of
an optically-thin outflow) constrain the ejecta mass and
ISM density:
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The second equation is basically the same as Eq. (24)
but for the timescale and luminosity of the second peak.
These relations are shown in Figs. 10 and 11 similarly to
the minima discussed earlier. A relatively secure identi-
fication of the second peak is possible only for PS16dtm.
Other events showing a rise give only lower limits on t2nd
and (νLν)2nd.
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Realistically, each event has different parameter values
and they cannot be put in the same figure. In Fig. 8,
ISM density contours are drawn along with observed
events. Identifying the minimum is possible only for
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radius allows us to infer the BH mass up to the un-
certainty of the ISM sound velocity (or, equivalently,
the ISM temperature). As an example, we add an axis
for the BH mass at the top of the figure, assuming
T = 107 K. For the observed events, the BH mass is
constrained to be ! 106 M⊙, similar to expected values
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The second equation is basically the same as Eq. (24)
but for the timescale and luminosity of the second peak.
These relations are shown in Figs. 10 and 11 similarly to
the minima discussed earlier. A relatively secure identi-
fication of the second peak is possible only for PS16dtm.
Other events showing a rise give only lower limits on t2nd
and (νLν)2nd.
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Summary
• Radio emission: Probe of outflows and environment.
• Late-time radio flares (>1000days):

✦ The origin is unclear.
✦ Rapidly rising events (AT2018hyz) => Off-axis jet?
✦ Double-peak events (AT2019dsg & 2020vwl)
　　　=>Single outflow traveling into power-law+flat　　　
　　　　density  profile can explain the observations.
　　　=>Estimation of BH mass, outflow mass/energy.
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