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ABSTRACT

Radio monitoring unveiled late (hundreds to a thousand days) radio flares in a significant fraction
of tidal disruption events. We propose that these late-time radio flares are a natural outcome if the
surrounding density profile flattens outside the Bondi radius. At the Bondi radius, the outflow is
optically thin (above a few GHz) to synchrotron self-absorption. As more and more material is swept
up, the radio emission rises asymptotically as o t3 until the outflow begins to decelerate. A Detection
of such a rise and a late-time maximum constrains the black hole mass and the mass and energy of
the radio-emitting outflow. We show that this model can give reasonable fits to some observed light
curves, leading to reasonable estimates of the black hole and outflow masses. We also find that the
slope of the density profile within the Bondi radius determines whether an early-time (~ 102 days)

radio peak exists.
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1. INTRODUCTION

Tidal disruption events (TDEs, Hills 1975; Rees 1988)
by supermassive black holes (SMBHs) produce, in ad-
dition to optical/UV and X-rays, radio emission. The
radio emission is powered by synchrotron from an out-
flow interacting with circum-nuclear medium (CNM)
(see Alexander et al. 2020, for a review). Usually,
TDEs’ radio emission have been discovered by prompt
radio follow-ups of optical/X-ray TDEs at ~ 100 days
after the discovery, with a typical luminosity below
< 10%? ergs™!. These radio signals are produced by non-
relativistic outflows (Krolik et al. 2016; Alexander et al.
2016; Yalinewich et al. 2019; Anderson et al. 2020; Stein
et al. 2021; Cendes et al. 2021a). A small fraction of
TDESs that launch a relativistic jet produce a very bright
radio emission (Zauderer et al. 2011; Berger et al. 2012;
Cenko et al. 2012; Zauderer et al. 2013; Pasham et al.
2015; Brown et al. 2017; Eftekhari et al. 2018; Cendes
et al. 2021b; Andreoni et al. 2022; Pasham et al. 2022;
Rhodes et al. 2023).

Following the surprising discovery of late radio emis-
sion from ASASSN-150i (Horesh et al. 2021a), numer-
ous radio flares as late as ~ 1000 days after the opti-
cal discoveries (Horesh et al. 2021b; Cendes et al. 2022;
Goodwin et al. 2022; Perlman et al. 2022; Sfaradi et al.
2022; Cendes et al. 2023; Goodwin et al. 2023b; So-
malwar et al. 2023; Sfaradi et al. 2024; Zhang et al.
2024; Christy et al. 2024) have been observed. Recently
Cendes et al. (2023) reported that about 40% of op-
tical TDEs are accompanied by late-time radio flares.

Such late-time emission is difficult to produce by a con-
ventional scenario in which a radio-emitting outflow is
ejected at around the same time as the stellar disrup-
tion, and several scenarios such as late-time launch of
outflows due to delayed formation of an accretion disk
(Cendes et al. 2023, for disk winds) or misalignment of
disk and BH spin (Teboul & Metzger 2023; Lu et al.
2023, for relativistic jets) have been proposed.
Matsumoto & Piran (2023) proposed that the fast-
rising late-time radio flare in AT 2018hyz (Cendes et al.
2022; Sfaradi et al. 2024) can be explained by an off-
axis relativistic jet in which initially the radio signal is
beamed away from the observers. The flux rapidly in-
creases when the jet decelerates and its beam moves into
the line of sight. However, some of the events reported in
Cendes et al. (2023), e.g., AT2019dsg, do not satisfy the
criterion for which the off-axis scenario holds (see Mat-
sumoto & Piran 2023). Moreover, given the event rate
of on-axis jetted TDEs ~ 0.01 — 0.1 Gpc=3yr—* (e.g.,
Andreoni et al. 2022), which is about ~ 10* times less
than optical/X-ray TDEs ~ 103 Gpc=3 yr~! (van Velzen
2018; Sazonov et al. 2021; Yao et al. 2023) it is unlikely,
that all the observed late flares arise from off-axis jets.
Here, we propose an alternative model that does not
employ a relativistic jet or a delayed outflow. In our sce-
nario, the late-time radio flares arise due to a transition
in the density profile of the surrounding medium from
gradually declining to a constant at larger distances.
The observed late-time radio is an optically thin syn-
chrotron emission from an outflow traveling into this
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constant-density medium. While near the SMBH the
density profile decreases, a constant density profile is
naturally expected outside of the Bondi radius (Bondi
1952).

The outline of the paper is as follows. In Sec. 2,
we describe our model for radio light curves, showing
that it can explain the diversity of the radio light curve
(Sec. 2.1) and demonstrating that it can reproduce some
of the observed events (Sec. 2.2). We also discuss es-
timating the BH mass and outflow’s mass within our
model (Sec. 2.3). We summarize our results in Sec. 3.

2. THE RADIO LIGHT CURVE

The radio-producing outflow initially expands into a
CNM, described by a single power-law function. The
main difference from previous studies focusing on early-
time flares (e.g., Krolik et al. 2016; Alexander et al. 2016;
Anderson et al. 2020) is that we consider a decreasing
density profile that is smoothly connected to interstellar
medium (ISM) with a constant density at the Bondi
radius:

GM,

2
Cs

Rp = ~ 5.8 x 10" cm M, 675" (1)

where G is the gravitational constant and M, is the
mass of the SMBH. The sound velocity is given by ¢s =
(’Yk]BT//,me)l/Q ~ 480kms_1T71/27 where v = 5/3, kg,
T, p= 0.6, and m; are the adiabatic index, Boltzmann
constant, ISM temperature, mean molecular weight, and
proton mass, respectively. For the BH mass, we use the
normalization of M, = 10°M, ¢Mg. For the ISM tem-
perature, we adopt a notation @ = @Q,10” in the cgs
unit, which is also used hereafter for other quantities un-
less specified. The fiducial value of the temperature that
we use, T = 107 K, is much higher than that of typical
ISM (warm neutral medium, e.g., Draine 2011). How-
ever, this is indeed an observationally motivated value.
For Sgr A*, Chandra detected a diffuse keV X-ray emis-
sion across a sub-parsec scale in our galactic center, cor-
responding to the Bondi radius scale (Baganoff et al.
2003). This emission comes from shock-dissipated stel-
lar winds from massive stars orbiting around the SMBH
(e.g., Paumard et al. 2006; Genzel et al. 2010).! M87
and other nearby galaxies’ core show a similar keV X-
ray emission across the Bondi radius (Di Matteo et al.
2003; Ho 2008).

I Theoretical works modeling the accretion of stellar wind onto
Sgr A* also suggest that the density profile flattens at the ra-
dius where an inflow and outflow separates (e.g., Quataert 2004;
Generozov et al. 2017; Ressler et al. 2018), the so-called the stag-
nation radius, which is comparable to the Bondi radius. While
these works obtained a weakly declining profile rather than a con-
stant one around this radius, the resulting slope would depend
on the details of the stellar distribution sourcing the wind.
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Figure 1. Density profiles for different slopes of the CNM
components k and a fixed Bondi radius at Rg = 10'7 cm (see
Eq. 2). The reconstructed profiles shown are obtained for
the observed data points are for ASASSN14li (Krolik et al.
2016; Alexander et al. 2016), CNSS J0019+00 (Anderson
et al. 2020), AT2019dsg (Stein et al. 2021; Cendes et al.
2021a; Matsumoto et al. 2022), AT2022cmc (Matsumoto &
Metzger 2023), and Sgr A* (Baganoff et al. 2003).

Table 1. Model parameters and their fiducial values for the
synchrotron light curve.

P Slope of electron energy distribution 2.5

€e Energy fraction of non-thermal electron 0.1

B Energy fraction of magnetic field 0.01

Me; Outflow mass 0.1 Mg
Bo Initial velocity 0.1

nism  ISM density 100 cm ™3

Rp Bondi radius 10'" cm

k Slope of the CNM density profile 2.5

The combined density profile is described by:

R\ ¥
(RB> !
where the first term corresponds to a decreasing power-
law profile with a slope k, representing the CNM. Anal-
yses of radio TDEs roughly constrain the slope k ~ 2.5
(e.g., Alexander et al. 2020). Fig. 1 depicts the density
profile for various slopes and a fixed Bondi radius at
10'7 cm along with profiles reconstructed for observed
events.

Radio light curves are calculated by a standard formal-
ism, i.e., a non-relativistic version of Sari et al. (1998).

; (2)

n(R) = NISM
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Figure 2. A radio light curve at a single observed fre-
quency, 6 GHz, calculated for the fiducial parameters (see
Table 1). Initially, the outflow is optically thick to SSA, and
the light curve rises until SSA becomes negligible at tigt.
After the first peak, the emission is optically thin, and the
light curve declines, reaching a minimum when the outflow
reaches the Bondi radius at tmin. The second peak is caused
when the deceleration happens at tenq. This double-peak
structure is consistent with the observations of AT2019dsg
and AT2020vwl (see Fig. 5).

We adopt the same numerical code used in our previ-
ous studies (Ricci et al. 2021; Bruni et al. 2021; Mat-
sumoto & Piran 2021a; Matsumoto & Metzger 2023).
This model has several parameters: The power-law in-
dex of the electron distribution p and the relativistic
electrons and magnetic field energy fractions at the post-
shock region €, and . The ejecta is assumed to be a
quasi-spherical non-relativistic outflow, characterized by
an initial velocity Bin, mass M,j, and an opening angle
Q). These parameters, as well as the parameters charac-
terizing the density profile, are listed in Table 1. The un-
bound debris, an inevitable outcome of any TDE, is the
most natural source of the outflow (Krolik et al. 2016;
Yalinewich et al. 2019; Matsumoto & Piran 2021a). Ad-
ditional sources such as disk wind (Strubbe & Quataert
2009; Metzger & Stone 2016; Dai et al. 2018) or collision
between bound debris (Lu & Bonnerot 2020) have been
proposed. Here, we do not specify a specific scenario for
the origin of the outflow. We characterize the outflow
using its total mass, Me;, velocity, Bin, and solid angle,
Q. For simplicity, we assume that all the matter moves
at the same velocity. The model can be easily general-
ized to include the effect of a velocity distribution, which
is important during the deceleration phase.

Fig. 2 depicts the resulting light curve at v = 6 GHz
for our fiducial parameters listed in Table 1. Remark-
ably, the light curve has two peaks that are qualitatively
similar to those found in AT2019dsg and AT2020vwl

(see Fig. 5). The first peak is caused by a transition from
optically thick for synchrotron self-absorption (SSA) to
an optically thin state, which is common for radio emis-
sion in TDEs. For a steep CNM density profile, the
optically thin radio light curve declines until the freely
expanding outflow reaches the Bondi radius. Beyond
this radius, the density profile flattens and the light
curve rises because the outflow sweeps up more and more
electrons. When the outflow sweeps up a comparable
amount of mass to its original mass, it decelerates, and
the light curve begins declining again.

The behavior of the radio light curve can be discussed
more quantitatively. The synchrotron luminosity for op-
tically thick and thin cases are estimated by:?

—2.5
WL g |~ 1.8 x 10% ergs™
_ _ _ Q
1/4 —1/4 1/2 7/2
E}3,—/2”2 /*R3.67Y Vﬁ(/;Hz (4> )
7
(VL) ihin P27 1.8 % 10% ergs™!

pl—l p+5 3 p+5 3—p 9]
= 4 2 2
€e,—1€p, 2N Ri78_% Vein ar ) (4)

where (2 is the solid angle of the outflow, 3 is the outflow
velocity normalized by the speed of light, and we define

Ee =4 (i%?) €e. We normalize the observer frequency

by 6 GHz. Hereafter, the numerical values, indicated

by the notation p:'S, are evaluated for p = 2.5. It
should be noted that in these formulae, the total number
of electrons is approximated by N(R) = Qn(R)R3/3,
where n(R) is the number density at the shock front R.
However, for the profile of Eq. (2), the number is given

by
3 (RN
3—k \ Rp

Therefore, our approximation results in an underesti-
mate of the luminosity for Egs. (3) and (4) at R < Rp
by a factor of 3 — k/3.

For a CNM density profile of n o« R~ and freely-
expanding outflow (R o t), the luminosity evolves with
time as

()

k+8

(VLy) e Xt 5 (6)

WL <t (7)

2 The formulae for the synchrotron flux, Eqs. (3) and (4), and
SSA frequency Eq. (8) are given in Matsumoto & Piran (2021a)
(corresponding equations are Egs. 12, 11, and 8). At the same
time, we update the estimate of the total number of electrons
from QnR3 to QnR3/3, which is useful for profiles flattening at
a larger radius.
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For density slopes with k& > ;% = 1.6, the light
curve at a given frequency v, has a peak when the SSA

frequency, v,, reaches v. The SSA frequency is given by

p=2.5 2 2p+24 2p+64 p+6
2
Vs ~ 0 35 GHZ E§t41€B(p+ ) (p+ )5p+4 Rp+ , (8)

and the peak luminosity is given by

25 35 7 _3tih
~ —p+ 2(p+4
~ 8.9 x 107 ergs™ €B._2

EXTY
3p+19 2p+15 3p+19 Q
(4) T

22(P+4) R1p+4 p+4
Once both peak frequency and flux are obtained, we
can estimate the radius of the outflow and the CNM
density at the location:

b=
Ist

(vL,)

p=2.5 16 — 2413 Tt
R~ 14x107cme, 2 ep’’y
—3p+19 26/ () 2p+13
2p+13 2p+13
Va,6GHz (VLV)1st,38 i ) (10)

2p+5

p=2.5 4 -3 —_2p§»13 —3pTi3
n o~ 1.9x107cm ", " ey

, 2ewtls) o a O\ +13
— 2p+13 2p+13
—1Va,6GHz (VLV)lst,BS e . (11)

For a freely-expanding outflow, using R = fct, one ob-
tains

p=2.5 ~2pFi3 +13 2 Jlrls
~ = p P
po = 0.056¢, 7 g’y

Va 6tz (Vv )15t 38 (477) t100day - (12)
n P27 6.1 x 104 em—3 & T
= b e,—1 €B,_2
2(5p+34) _ 2(pt+8) 0 22(;5:—18?3
Va,é”c?ﬁi (VLu)ls&%Jéla (477) t100daya (13)

where we normalize time by 100 days. Note this is prac-
tically the same calculation as the equipartition analysis
with a correction for the deep-Newtonian phase (Mat-
sumoto & Piran 2021a).

After producing the first radio peak at t14, the freely
coasting outflow reaches the Bondi radius and if the
CNM profile is steep enough, the light curve has a min-
imum at

tmin = fiom BB/v =~ 390day 871 Re 17 f.. ,  (14)

where we introduced a correction factor f; . represent-
ing a small shift of the minimum time from the Bondi-
radius crossing time, Rp /v, due to the smooth transition
from the CNM to ISM of the density profile. This fac-
tor is obtained straightforwardly by the derivative of the

201
15F

10F

ﬁmin

0.5F

0.0L
25

20E
o

fLmin

10f
3

0: A
1.5 2.0 2.5 3.0

Slope : k

Figure 3. The correction factors for the timescale and lumi-
nosity of the minimum in the light curve. They are defined
by Egs. (15) and (17) and used in Egs. (14) and (16). By
definition, these factors are defined for k > == Z (dots at the
base of each curve).
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The top panel of Fig. 3 depicts the behavior of the cor-
rection factor for different & and p. While its impact
is within an order of unity, it could be important to
estimate the size of the Bondi radius. The density pro-
file flattens outside of the Bondi radius. Once the out-
flow passes this radius, the luminosity increases, rising
asymptotically as L,, oc t3 (see Eq. 4 with k = 0). There-
fore, the luminosity has a minimal value at tyin:

p=2.5 p+1

(vL,) 1.8 x 1037 ergs™* Ee, 1B

min
p+ +5

3—p Q)
”ISM 2RB 175— Vo Gtz <47r> fLim1 > (16)

here we replaced the density with that of the ISM which
is constant outside of Rg, and introduced an additional
correction factor fr_. to take into account for the un-
derestimation by Eq. (4) discussed earlier as well as a

3 Instead of Eq. (4), we use an exact form of the luminosity, which
is given by (VLy)pin X n(®+t1/AN(R), where n and N(R) are
given by Egs. (2) and (5), respectively.
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small shift of ¢, from Rp/v. This factor is given by

Foo = 5 (L4 k) (1+ft,,,,,,) . an

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

3M;
Rdec =~ < !

1/3
)~ 6.6 % 10T em M ? g
47TmpnISM) X cm 1M1sM,2

(18)

where Mj 1 = M,;/(0.1Mg). Therefore, the radio light
curve has a second peak at

tond =~ Raec/v ~ 2500 day M1/3 ”15%\232 1 ) (19)

whose luminosity is given by

p=2.5 38 1 ptl
(VLy)gpa = 5.2 x10°ergs 60_15]3?,2

p+1 p Q
nISM2 lelﬁ— i) (20)

After the second peak the outflow decelerates as 8 o
t=3/5 and R o /5, and the radio luminosity declines as
vL, o t=3®+1)/10 Note that this peak may be the only
peak if the inner density profile is sufficiently shallow.

The evolution of the luminosity vL, o t3, between
the minimum and the second peak gives an interesting
closure relation between the time and luminosity of the
minimal and second peak:

L)y _ (t) | (21)

(VLV)min tmin

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 Me,;.

Fig. 4 depicts light curves for different k, nigm, and
M.;. 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 corresponding to the behavior of the correction factor
ft.., in the top panel of Fig. 3.

The middle and right panels of Fig. 4 depict light
curves obtained by varying nigm and My, 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)

R

—k
—_— 22
1017 Cm) + nisum , (22)

n(R) = 100cm > (
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 R =

1/k
1017 em 100 cm 3 /

nism

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
second peak because more mass is emitting during the
peak. This behavior is similar to the one of radio af-
terglows 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 oc 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 o< t°, 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 different 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 different functional

form of the density profile: Eq. (22) rather than Eq. (2).
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Figure 5. Light curves of AT2019dsg and AT2020vwl at
6 GHz, 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
~ 200days, from optically thick to optically thin spectrum
at the observed frequency (Stein et al. 2021; Cendes et al.
2021a). The spectrum of AT2020vwl may hint at a similar
transition at the first two epochs (Goodwin et al. 2023b).

Fig. 5 depicts the observed and model light curves
at 6 GHz for two of the best observed late-time flares
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.* The adopted parameters

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 off-axis jet in Matsumoto

& Piran (2023).
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Figure 6. Examples of 6 GHz 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
follow 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.

and corresponding density profiles (For AT2019dsg, we
adopt a broken power-law function for the CNM profile
to mimic the result by the equipartition analysis) are
shown in Table 2 and Fig. 7. Again, we stress that these
parameters are not obtained by exploring the entire pa-
rameter space. We find that both events are reason-
ably reproduced by typical parameter values of p ~ 2.5,
e ~ 0.1, eg ~ 0.01, and 8 ~ 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
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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 ¢min with (vL,) . 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/ ftom = 7-8 X 10" cm B_ 1 tin 300da’yftnnn )

(23)
—9 4 ptl  _ 2(pt11)

P25 2 .,—3 = pF5 . pib pT5
nism -~ 11 x10%em ", "7eg Ty By

2(p=3) 4 O\ s 12 4

p+5 p+5 p+5 p+5
VeGHz (VLV)min,37 i Cmin,300day i fLm,n,
(24)

where we used Egs. (14) and (16), and the minimum
timescale is normalized by 300 days.

Figs. 8 and 9 demonstrate how these relations con-
strain Rp and njgy assuming all events share the same
parameters of p = 2.5, ¢, = 0.1, eg = 0.01, and g = 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 = 107K. For the observed events, the BH mass is
constrained to be < 10% Mg, 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:

p=2.5 9 = p+é _p—;
M ~"39x10"2 Mg &, f{ ep’ s By
2(p—3) _4 0\ p+5 3@+
v p+5 (I/L )p+5 - t p+5
6GHz v/2nd,39 A 2nd,1000day °*

(25)

=2 P+l _ 2(ptll)

p=2.5 _3 _
nism .~ 6.3 x10%2cm ™3 &, ’”+5eBp_+25 P

2(p=3) 4 O\ »+5 12
pF5 p+5 5
V6GHz (VLV)Qnd,SQ in t2nd ,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 fo,q

and (VL )y, q-
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Table 2. Fitting parameters for individual events in Fig. 5.

Event P Ee es Me  Bo  mism Rgp k
Mo] [em™3] [10*"cm]
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):

ptl  p+17

p=2.5 1 [ L
Eiin =~ §Meju2 ~3.5x 10" erge, F{7eg "y B0
2(p—3) a4 O\ "5 3G+D
p+5 p+5 - p+5
VeGHz (VLV)Qnd,39 i tond, 1000day - (27)

Within our approximation of a single velocity outflow
Egs. (25) and (27) estimate the total mass and energy.
However, the radio luminosity depends strongly on the
outflow velocity (see Eq. 20). Thus, a slower outflow
component will not contribute much to the radio signal.
As such, generally, depending on the velocity structure
of the outflow, Egs. (25) and (27) may provide only lower
limits on the mass and energy.

For PS16dtm, the ejecta mass is constrained to <
0.1 Mg, which is significantly smaller than that required
for the reprocessing outflow model for optical emissions
(e.g., Metzger & Stone 2016, but see Matsumoto & Pi-
ran 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 this is just a lower limit
and a slower component may exist.

It is important to stress that these last estimates of the
ejected mass and energy are quite general. For example,
it has been suggested that the late radio flares arise from
delayed outflows (Cendes et al. 2023; Teboul & Metzger
2023; Lu et al. 2023). Since, in most cases, the emis-
sion is optically thin (at least the high-frequency part
of the radio spectra), regardless of the launching time,
these mass and energy estimates should be valid. Even
these current mass estimates and lower limits already
constrain some scenarios for producing those delayed
outflows.

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 very steep rise in late-time. Those late radio flares
arise from off-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, off-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.

Here, we propose 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
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, the light curve rises monotonically
for density profiles shallower than R~3/2, which are ex-
pected for Bondi accretion. 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-
pected. The light curve increases® asymptotically like
o t3, until the swept-up ISM mass becomes comparable
to the outflow’s mass, and the outflow starts decelerat-
ing. This leads to the second® peak.

We did not attempt to perform a detailed parameter
fitting to the observed data, mainly because the data
was relatively scarce for most events. Additionally, some
of the approximations used in this work, particularly the
single velocity approximation, may not be valid around
the deceleration time. Still, we demonstrated that the
model reasonably fits some of the observed late-time ra-
dio light curves (see Fig. 5). Within our model, the
detection of the light curve minimum and the second
maximum allows us to constrain the BH mass and ISM
density and set lower limits on the ejecta mass and en-

5 Note that light curves rising faster than t3, as seen for exam-
ple in AT2018hyz, cannot be explained if the external density is

constant.

6 This would be the only peak for a shallow external density profile.
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RB( = Vtmin) [Cm]

(VLy)min [erg/s]

Time : tmin [day]

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, eg = 0.01, B =0.1, f;_.. =1, and
fLo = 10.

min

M. (for T=107 K) [Mo]
) 10 ) 3><.106

Density : nigm [cm™]

n n n 1 n
6x10" 10" 2x10"7  3x10"
Bondi radius : Rg [cm]

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 x 10Mg, are
within a range of a typical SMBH mass (Fig. 9). The
estimated ejecta mass (Fig. 11), which is 2 0.01 Mg, is
consistent with the one expected from unbound debris

Rdec(=vtang) [cm]
10" 2%10'8
1 I

‘\
. “‘ nISM:IOOCm‘3
.
A N

VARKS

(VLL/)an [erg/s]

Time : trpq [day]

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.

Ekin (ZMej V2/2) [erg]
50

10 10”'
10° — e
," Z‘zndzl OOOday
rl'|1_|
g
2,
2
S 10°F
>
£
w2
=
()
)
10'

Mass : M.j [Mo ]

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
B = 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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combined with generalization of the presented model in-
cluding the outflow velocity distribution (which is possi-
ble at least in the unbound debris model) can rule out or
confirm this model and in case it is acceptable provide
new probes on the TDE enigma.

We thank Yvette Cendes for providing us with data of
late-time radio flares. T.M. also thanks Keiichi Maeda
and Kunihito Ioka for their useful comments. T.P.
thanks the Yukawa Institute for Theoretical Physics at
Kyoto University for hospitality while this work was ini-
tiated. This research is supported by the Hakubi project
at Kyoto University (T.M.), Advanced ERC grant Mul-
tiJets, ISF grant 2126/22, and the Simons Collabora-
tion on Extreme Electrodynamics of Compact Sources
(T.P.).

REFERENCES

Alexander, K. D., Berger, E., Guillochon, J., Zauderer,
B. A., & Williams, P. K. G. 2016, ApJL, 819, L.25,
doi: 10.3847/2041-8205/819/2/L25

Alexander, K. D., van Velzen, S., Horesh, A., & Zauderer,
B. A. 2020, SSRwv, 216, 81,
doi: 10.1007/s11214-020-00702-w

Anderson, M. M., Mooley, K. P., Hallinan, G., et al. 2020,
ApJ, 903, 116, doi: 10.3847/1538-4357/abb94b

Andreoni, 1., Coughlin, M. W., Perley, D. A., et al. 2022,
Nature, 612, 430, doi: 10.1038/s41586-022-05465-8

Baganoff, F. K., Maeda, Y., Morris, M., et al. 2003, ApJ,
591, 891, doi: 10.1086/375145

Beniamini, P., Piran, T., & Matsumoto, T. 2023, MNRAS,
524, 1386, doi: 10.1093/mnras/stad1950

Berger, E., Zauderer, A., Pooley, G. G., et al. 2012, ApJ,
748, 36, doi: 10.1088/0004-637X/748/1/36

Bondi, H. 1952, MNRAS, 112, 195,
doi: 10.1093/mnras/112.2.195

Brown, G. C., Levan, A. J., Stanway, E. R., et al. 2017,
MNRAS, 472, 4469, doi: 10.1093/mnras/stx2193

Bruni, G., O’Connor, B., Matsumoto, T., et al. 2021,
MNRAS, 505, L41, doi: 10.1093/mnrasl/slab046

Cendes, Y., Alexander, K. D., Berger, E., et al. 2021a, ApJ,
919, 127, doi: 10.3847/1538-4357/ac110a

Cendes, Y., Eftekhari, T., Berger, E., & Polisensky, E.
2021b, ApJ, 908, 125, doi: 10.3847/1538-4357 /abd323

Cendes, Y., Berger, E., Alexander, K. D., et al. 2022, ApJ,
938, 28, doi: 10.3847/1538-4357/ac83d0

—. 2023, arXiv e-prints, arXiv:2308.13595,
doi: 10.48550/arXiv.2308.13595

Cenko, S. B., Krimm, H. A., Horesh, A., et al. 2012, ApJ,
753, 77, doi: 10.1088,/0004-637X/753/1/77

Christy, C. T., Alexander, K. D.; Cendes, Y., et al. 2024,
arXiv e-prints, arXiv:2404.12431.
https://arxiv.org/abs/2404.12431

Dai, L., McKinney, J. C.; Roth, N.,; Ramirez-Ruiz, E., &
Miller, M. C. 2018, ApJL, 859, L20,
doi: 10.3847/2041-8213/aab429

Di Matteo, T., Allen, S. W., Fabian, A. C., Wilson, A. S.,
& Young, A. J. 2003, ApJ, 582, 133, doi: 10.1086/344504

Draine, B. T. 2011, Physics of the Interstellar and
Intergalactic Medium

Eftekhari, T., Berger, E., Zauderer, B. A., Margutti, R., &
Alexander, K. D. 2018, ApJ, 854, 86,
doi: 10.3847/1538-4357 /aaa8e0

Generozov, A., Mimica, P., Metzger, B. D., et al. 2017,
MNRAS, 464, 2481, doi: 10.1093/mnras/stw2439

Genzel, R., Eisenhauer, F., & Gillessen, S. 2010, Reviews of
Modern Physics, 82, 3121,
doi: 10.1103/RevModPhys.82.3121

Goodwin, A., Miller-Jones, J., Alexander, K. D., et al.
2023a, The Astronomer’s Telegram, 16165, 1

Goodwin, A. J., van Velzen, S., Miller-Jones, J. C. A., et al.
2022, MNRAS, 511, 5328, doi: 10.1093 /mnras /stac333

Goodwin, A. J., Alexander, K. D., Miller-Jones, J. C. A.,
et al. 2023b, MNRAS, 522, 5084,
doi: 10.1093/mnras/stad1258

Hammerstein, E., van Velzen, S., Gezari, S., et al. 2023,
ApJ, 942, 9, doi: 10.3847/1538-4357 /aca283

Hills, J. G. 1975, Nature, 254, 295, doi: 10.1038/254295a0

Ho, L. C. 2008, ARA&A, 46, 475,
doi: 10.1146/annurev.astro.45.051806.110546

Horesh, A., Cenko, S. B., & Arcavi, I. 2021a, Nature
Astronomy, 5, 491, doi: 10.1038/s41550-021-01300-8


http://doi.org/10.3847/2041-8205/819/2/L25
http://doi.org/10.1007/s11214-020-00702-w
http://doi.org/10.3847/1538-4357/abb94b
http://doi.org/10.1038/s41586-022-05465-8
http://doi.org/10.1086/375145
http://doi.org/10.1093/mnras/stad1950
http://doi.org/10.1088/0004-637X/748/1/36
http://doi.org/10.1093/mnras/112.2.195
http://doi.org/10.1093/mnras/stx2193
http://doi.org/10.1093/mnrasl/slab046
http://doi.org/10.3847/1538-4357/ac110a
http://doi.org/10.3847/1538-4357/abd323
http://doi.org/10.3847/1538-4357/ac88d0
http://doi.org/10.48550/arXiv.2308.13595
http://doi.org/10.1088/0004-637X/753/1/77
https://arxiv.org/abs/2404.12431
http://doi.org/10.3847/2041-8213/aab429
http://doi.org/10.1086/344504
http://doi.org/10.3847/1538-4357/aaa8e0
http://doi.org/10.1093/mnras/stw2439
http://doi.org/10.1103/RevModPhys.82.3121
http://doi.org/10.1093/mnras/stac333
http://doi.org/10.1093/mnras/stad1258
http://doi.org/10.3847/1538-4357/aca283
http://doi.org/10.1038/254295a0
http://doi.org/10.1146/annurev.astro.45.051806.110546
http://doi.org/10.1038/s41550-021-01300-8

LATE-TIME RADIO IN TDES 11

Horesh, A., Sfaradi, I., Fender, R., et al. 2021b, ApJL, 920,
L5, doi: 10.3847/2041-8213/ac25fe

Krolik, J., Piran, T., Svirski, G., & Cheng, R. M. 2016,
ApJ, 827, 127, doi: 10.3847/0004-637X/827/2/127

Lu, W., & Bonnerot, C. 2020, MNRAS, 492, 686,
doi: 10.1093/mnras/stz3405

Lu, W., Matsumoto, T., & Matzner, C. D. 2023, arXiv
e-prints, arXiv:2310.15336,
doi: 10.48550/arXiv.2310.15336

Matsumoto, T., & Metzger, B. D. 2023, MNRAS, 522,
4028, doi: 10.1093 /mnras/stad1182

Matsumoto, T., & Piran, T. 2021a, MNRAS, 507, 4196,
doi: 10.1093/mnras/stab2418

—. 2021b, MNRAS, 502, 3385, doi: 10.1093 /mnras/stab240

—. 2023, MNRAS, 522, 4565, doi: 10.1093/mnras/stad1269

Matsumoto, T., Piran, T., & Krolik, J. H. 2022, MNRAS,
511, 5085, doi: 10.1093/mnras/stac382

Metzger, B. D., & Stone, N. C. 2016, MNRAS, 461, 948,
doi: 10.1093/mnras/stw1394

Nakar, E., & Piran, T. 2011, Nature, 478, 82,
doi: 10.1038/nature10365

Pasham, D. R., Cenko, S. B., Levan, A. J., et al. 2015, ApJ,
805, 68, doi: 10.1088/0004-637X/805/1/68

Pasham, D. R., Lucchini, M., Laskar, T., et al. 2022,
Nature Astronomy, doi: 10.1038/s41550-022-01820-x

Paumard, T., Genzel, R., Martins, F., et al. 2006, ApJ, 643,
1011, doi: 10.1086/503273

Perlman, E. S.;, Meyer, E. T., Wang, Q. D., et al. 2022,
ApJ, 925, 143, doi: 10.3847/1538-4357 /ac3bba

Quataert, E. 2004, ApJ, 613, 322, doi: 10.1086/422973

Rees, M. J. 1988, Nature, 333, 523, doi: 10.1038/333523a0

Ressler, S. M., Quataert, E., & Stone, J. M. 2018, MNRAS,
478, 3544, doi: 10.1093/mnras/sty1146

Rhodes, L., Bright, J. S., Fender, R., et al. 2023, MNRAS,
521, 389, doi: 10.1093/mnras/stad344

Ricci, R., Troja, E., Bruni, G., et al. 2021, MNRAS, 500,
1708, doi: 10.1093/mnras/staa3241

Ryu, T., Krolik, J., & Piran, T. 2020, ApJ, 904, 73,
doi: 10.3847/1538-4357 /abbf4d

Sari, R., Piran, T., & Narayan, R. 1998, ApJL, 497, L.17,
doi: 10.1086,/311269

Sazonov, S., Gilfanov, M., Medvedev, P., et al. 2021,
MNRAS, 508, 3820, doi: 10.1093 /mnras/stab2843

Sfaradi, 1., Horesh, A., Fender, R., et al. 2022, ApJ, 933,
176, doi: 10.3847/1538-4357 /ac74bc

Sfaradi, I., Beniamini, P., Horesh, A., et al. 2024, MNRAS,
527, 7672, doi: 10.1093/mnras/stad3717

Somalwar, J. J., Ravi, V., Dong, D. Z., et al. 2023, arXiv
e-prints, arXiv:2310.03791,
doi: 10.48550/arXiv.2310.03791

Stein, R., Velzen, S. v., Kowalski, M., et al. 2021, Nature
Astronomy, 5, 510, doi: 10.1038/s41550-020-01295-8

Strubbe, L. E., & Quataert, E. 2009, MNRAS, 400, 2070,
doi: 10.1111/j.1365-2966.2009.15599.x

Teboul, O., & Metzger, B. D. 2023, ApJL, 957, L9,
doi: 10.3847/2041-8213/ad0037

van Velzen, S. 2018, AplJ, 852, 72,
doi: 10.3847/1538-4357/2a998e

Yalinewich, A., Steinberg, E., Piran, T., & Krolik, J. H.
2019, MNRAS, 487, 4083, doi: 10.1093/mnras/stz1567

Yao, Y., Ravi, V., Gezari, S., et al. 2023, ApJL, 955, L6,
doi: 10.3847/2041-8213/acf216

Zauderer, B. A., Berger, E., Margutti, R., et al. 2013, ApJ,
767, 152, doi: 10.1088/0004-637X/767/2/152

Zauderer, B. A., Berger, E., Soderberg, A. M., et al. 2011,
Nature, 476, 425, doi: 10.1038 /nature10366

Zhang, F., Shu, X., Yang, L., et al. 2024, ApJL, 962, L18,
doi: 10.3847/2041-8213/ad1d61


http://doi.org/10.3847/2041-8213/ac25fe
http://doi.org/10.3847/0004-637X/827/2/127
http://doi.org/10.1093/mnras/stz3405
http://doi.org/10.48550/arXiv.2310.15336
http://doi.org/10.1093/mnras/stad1182
http://doi.org/10.1093/mnras/stab2418
http://doi.org/10.1093/mnras/stab240
http://doi.org/10.1093/mnras/stad1269
http://doi.org/10.1093/mnras/stac382
http://doi.org/10.1093/mnras/stw1394
http://doi.org/10.1038/nature10365
http://doi.org/10.1088/0004-637X/805/1/68
http://doi.org/10.1038/s41550-022-01820-x
http://doi.org/10.1086/503273
http://doi.org/10.3847/1538-4357/ac3bba
http://doi.org/10.1086/422973
http://doi.org/10.1038/333523a0
http://doi.org/10.1093/mnras/sty1146
http://doi.org/10.1093/mnras/stad344
http://doi.org/10.1093/mnras/staa3241
http://doi.org/10.3847/1538-4357/abbf4d
http://doi.org/10.1086/311269
http://doi.org/10.1093/mnras/stab2843
http://doi.org/10.3847/1538-4357/ac74bc
http://doi.org/10.1093/mnras/stad3717
http://doi.org/10.48550/arXiv.2310.03791
http://doi.org/10.1038/s41550-020-01295-8
http://doi.org/10.1111/j.1365-2966.2009.15599.x
http://doi.org/10.3847/2041-8213/ad0037
http://doi.org/10.3847/1538-4357/aa998e
http://doi.org/10.1093/mnras/stz1567
http://doi.org/10.3847/2041-8213/acf216
http://doi.org/10.1088/0004-637X/767/2/152
http://doi.org/10.1038/nature10366
http://doi.org/10.3847/2041-8213/ad1d61

	Introduction
	The Radio Light Curve
	The diversity of radio light curves
	A comparison with individual events
	Parameters Inference 

	Summary

