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Learn from tidal disruption jets

• For single events:

‣ Disk + B-field

‣ Calorimetry

• Discovery: 

‣ Radio not absorbed

‣ Upcoming radio transient surveys

• Accretion states
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Black hole accretion modes 

• Two accretion states, divided 
by Eddington rate

• Radio jets below ~2% ṀEdd

‣ Observed for stellar mass 
accreting binaries (McClintock & 
Remillard 2004; Fender et al. 2004)

‣ Also the case for SMBHs? 
(Körding et al. 2006; Best & Heckman 2012)

• With TDEs we probe these 
rates for a single SMBH
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Radio burst

Steady jet

No jet

Klein-Wolt & van der Klis (2008)
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Radio observations -- “Status of the field”

4

< 2011 No detections ≈3 events 
followed up

> 2011 Two detections (‘Swift events’), 
more followed up
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Two models

• External model (Giannios & Metzger 2011; 
Metzger, Giannios, Mimica  2011) 

‣ Interaction of forward/backward 
shock with environment

‣ On-axis (or isotropic)

‣ Inspired by GRB afterglows
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• Internal model (van Velzen, Falcke, 
Farrar 2010, van Velzen, Körding, Falcke 2011) 

‣ Emission from matter injected 
in the jet from the disk

‣ Doppler boosting  

‣ Inspired by AGN jets
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Standard AGN jet model

• Conical jet model (Blandford & 
Königl 1979)

• Jet power is a linear function 
of disk luminosity (Rawlings & 
Saunders 1991; Falcke & Biermann 1995)

• Well constrained by 
observation
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280 E. G. Körding, S. Jester and R. Fender
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Figure 2. Normalizing the jet power measures from radio luminosities with
sources of measured jet powers. On the ordinate (y-axis) we plot the 74-
MHz radio luminosity and on the abscissa (x-axis) we give the absolute
i-band magnitude. The line represents the linear relation fitted to the data
(see text).

Survey (VLSS1; Cohen et al. 2006, 2007a) using a matching ra-
dius of 20 arcsec (the histogram of radial separations between the
closest matched sources has a local minimum at this matching ra-
dius). We use 74-MHz fluxes as this frequency is near the target
of 151 MHz, especially for the large number of the quasars around
z ≈ 2, and as the VLSS provides an easily accessible deep survey
of the full northern sky. The resulting matched list has a total of 919
entries. We apply the i-band emission line and K-correction given
in Richards et al. (2006, table 4) and K-correct the VLSS data to
74-MHz rest frame assuming a spectrum f ν ∝ ν−0.7.

In Fig. 2 we show the 74-MHz luminosity against the absolute
i-band magnitude. Following the nearly linear correlation between
the narrow-line luminosity and the low-frequency radio luminosity
found by Willott et al. (1999, see also Willott 2001), we fit a lin-
ear dependence between the optical i-band luminosity (which we
assume is proportional to the ionizing luminosity, and hence to the
narrow-line luminosity) and the radio luminosity to the data:

log L74 = −0.4Mi + 16.78. (3)

To convert the i-band magnitudes to B-band magnitudes, we as-
sume a power-law spectrum with α = −0.5 (see Richards et al.
2006) which yields B − i = 0.3. For the B-band luminosity we find

log L B (erg s−1) ≈ log L74 (W Hz−1 sr−1) + 18.6. (4)

Throughout this paper we mainly use cgs units. However, as most
radio LFs are given in W Hz−1 sr−1 we provide the conversion for-
mulae from radio luminosity to accretion rate using these units on
the right-hand side of the equation. Hopkins et al. (2007) use a
non-constant bolometric correction of the B-band flux. However,
the bolometric correction deviates from a constant mainly at lower
luminosities where we will not use the relation to obtain accretion
rates. As we would like to obtain a simple relation between the
low-frequency radio luminosity and the bolometric luminosity we
will use a constant bolometric correction of 10, i.e. Lbol ≈ 10LB .
Within our uncertainties, this is in agreement with the value used
by Hopkins et al. (2007). If we again assume that radio emission
has a spectrum f ν ∝ ν−0.7, we can translate the measured relation to

log Lbol (erg s−1) ≈ log L151 (W Hz−1 sr−1) + 19.8. (5)

1 http://lwa.nrl.navy.mil/VLSS/

To obtain the accretion rates we assume that the sources are accreting
efficiently with a constant efficiency of η = 0.1:

log Ṁ (g s−1) = log L151 (W Hz−1 sr−1) − 0.15. (6)

The correlation between optical narrow-line luminosity and
151-MHz radio luminosity (Willott et al. 1999) has only been
tested with a sample in the luminosity range of 1024.5 !
L151 MHz/(W Hz−1 sr−1) ! 1028.8. Therefore, we will only use it for
extended radio emission brighter than 1024.5 W Hz−1.

2.2.2 Jet power

If we assume that the ratio of jet power to accretion rate qj is similar
for hard-state and IMS objects, qj ≈ 0.2, we can use the accretion rate
determined from the extended low-frequency radio emission also as
a measure of the jet power. Willott et al. (1999) and Hardcastle,
Evans & Croston (2007) report that

Pjet (erg s−1) ≈ 3 × 1017 L151 (W Hz−1 sr−1) f 3/2, (7)

where f parametrizes our uncertainty of the jet power compared to
the minimum energy needed to account for the synchrotron emission
from the lobes. Blundell & Rawlings (2000) suggest that f ≈ 10 is
applicable to FR-II RGs. We find

log Pjet (erg s−1) ≈ 18.7 + log L151 (W Hz−1 sr−1). (8)

Our normalization of the L151–accretion rate correlation (equation 5)
together with qj = 0.2 gives a normalization constant of 19.1 com-
pared to 18.7 as estimated from Willott et al. (1999). The difference
corresponds to a factor of 2.5. This is well within the uncertainties
of our accretion rate and jet power estimates, but may indicate that
our normalization is slightly too high.

For the rest of this paper we will assume that the coupling constant
of the jet is qj = 0.2 and use this to estimate the jet power from the
accretion rate for both low-luminosity and high-luminosity objects.
Thus, our jet power measure from extended radio emission is

log Pjet (erg s−1) ≈ 19.1 + log L151 (W Hz−1 sr−1). (9)

2.3 Comparison of jet and accretion rate measures
from both methods

In the preceding subsections we have presented two different accre-
tion rate and jet power measures based on radio luminosities. As we
will use these to obtain ARFs, it is important that the estimates are
consistent with each other.

To compare the accretion rate measures, we need a sample which
has measured values both for the extended low-frequency radio flux
and for the unresolved core flux, so that we can compute and com-
pare both accretion rate measures for the same sample. The FR-II
RG subsample of the 3CRR catalogue fulfils these criteria. We take
151-MHz radio fluxes from Laing, Riley & Longair (1983) and core
radio fluxes from the compilation by M. Hardcastle.2 Since the core
fluxes of this sample are probably affected by beaming, we can at
the same time assess the impact of beaming.

In Fig. 1 we show the 3CRR FR-II sample together with Cyg X-1
and the Allen et al. (2006) sample of sources with have jet powers
inferred from X-ray bubbles. Most of the 3CRR sample lies above
the expected line, i.e. the jet power estimated from the extended

2 http://www.3crr.dyndns.org

2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 383, 277–288
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remains how jets evolve, as a function of time when accre-
tion suddenly sets in and increases by many orders of mag-
nitude. There is increasing consensus that accretion discs
and jets are intrinsically coupled and are best understood
as a symbiotic system. Evidence that jets are ubiquitous to
accretion comes from the ‘fundamental plane of black holes’,
which provides a universal scaling law for the non-thermal
emission of black holes over all mass scales (Merloni, Heinz,
& di Matteo 2003; Falcke, Körding, & Markoff 2004). We
thus proceed under the hypothesis that all accreting mas-
sive objects, including TDEs, launch a jet but, as discussed
later, take potential radio-loud/radio-quiet switches at high
accretion rates into account.

In this section, we will first generalize the jet-disk sym-
biosis model of Falcke & Biermann (1995, FB95, hereafter)
to a time-dependent accretion rate and we then apply this
model to TDE. We only consider the emission from the com-
pact core of the jet and discuss lobe formation briefly at the
end.

2.1 Basic jet model

The essence of jet-disk symbiosis is power unification: Qj =
qjLd ∝ qjṀ , the jet power (Qj) is some fraction (qj) of
the disk luminosity (Ldisk), which is a linear function of
the accretion rate (Ṁ). If we assume equipartition between
the energy in relativistic particles and the magnetic field,
the synchrotron emissivity follows from the accretion rate:
�syn ∝ B3.5 ∝ (qjṀ)1.75z−3.5, with z the distance to the
origin of the jet (FB95, Eq. 19). We obtain the synchrotron
luminosity of the jet (Lν) by integrating the emissivity over
the jet volume, a cylindrical-symmetric cone,

Lν = Ceqδ
2

� ∞

zssa

dz z2�syn(z, ν/δ) ∝ (qjLd)
17/12 (1)

(FB95, Eqs. 52 & 56). Here δ is the Doppler factor of the
jet and ν is the observed frequency. The lower limit of in-
tegration, zssa(ν/δ), is the distance were the jet becomes
optically thin to synchrotron self-absorption. The normal-
ization (Ceq) is the conversion factor between jet power and
jet luminosity, which can be estimated using equipartition
arguments or obtained by observations.

The great success of jet-disk symbiosis is that the ob-
served properties of all accreting black holes with radio-loud
jets can be fit with qj ≈ 0.2 and a single value of the nor-
malization (Ceq) of Eq. 1 (Falcke et al. 1995; Körding et al.
2008). In his work, we will fix Ceq using the empirical nor-
malization found by Körding et al. (2008) for efficient accre-
tion, Ld = 0.1c2Ṁ .

The “classic” jet model (Eq. 1) is derived for a con-
stant accretion rate; to use this model for a time-dependent
accretion rate, Ṁ(t), we have to consider three things: (i)
the non-zero time delay of photons emitted at different loca-
tions in jet (ii) zssa depends on Ṁ(t), and (iii) the emissivity
becomes a function of time. The latter of these changes is
trivial to apply because at the base of the jet, the relation be-
tween the synchrotron emissivity and accretion rate is given
by the standard jet-disk model and all one has to do is to
propagate �syn forward in time using z(t) = tβjc. To account
for (i) and (ii), we have to modify the integral of Eq. 1,

Lν(t) = Ceqδ
2

� ∞

0

dz z2�syn(tr, z, ν/δ)Θssa(tr, z, ν/δ) . (2)

Here Θssa(t, z, ν) is a step function that enforces a crude
radiative transfer: it is zero for z < zssa(t) and unity for
z > zssa(t). The retarded time, tr, is introduced to ensure
that we integrate using only the photons that will arrive
simultaneously at the observer, tr(t, z) = t−z cos(i) c−1 with
i the angle between the jet and observer, in the rest-frame
of the jet. Note that for observed angles cos(iobs) < βj , we
have tr > t; the photons from the middle of the jet arrive
simultaneous with photons emitted further ahead, i.e., the
jet appears to be seen from behind in the observer frame; we
refer to Jester (2008) for a detailed discussion of retardation
in jets.

While in the classic jet model the value of zssa is ab-
sorbed into the normalization (Ceq), for the time-variable
model it sets the timescale of emission and thus needs to be
determined. From τ ∝ zκsyn/ sin(i) = 1, where κsyn ∝ B4 is
the synchrotron emission coefficient, we get

zssa = 1pc f
GHz
ν/δ

�
qj(t)

0.2

Ld(t)

1045 erg s−1

� 2
3
�

βj

sin( i
30◦ )

5
γj

� 1
3

(3)

(FB95, Eq. 52), with γj the Lorentz factor of the jet and
f ∼ 1, is a factor that dependents on the details of equipar-
tition. We preform a check on the latter using observations
of NGC 4258 at 22 GHz showing the base of the jet at a
minimum distance of 0.012 pc from the dynamical center of
the accretion disk (Herrnstein et al. 1997); using iobs = 83◦

and γj = 3 (Yuan et al. 2002) at the base of the jet and
Ṁ = 0.01M⊙ yr−1 (Gammie et al. 1999), we obtain f ≈ 0.5.

2.2 Accretion states of TDE

To apply the time-dependent jet-disk symbiosis model
(Eq. 2) to TDE we need the accretion rate as a func-
tion of time and black hole mass. We first consider the
time it takes for most of the stellar debris to return
to the pericenter (Rp) after the disruption, tfallback ∼
0.1(MBH/106M⊙)1/2(Rp/Rt)

3 yr for a solar-type star (e.g.,
Ulmer 1999, Eq. 3), Rt is the tidal disruption radius. Af-
ter this time, the material falls back onto the back hole
at a rate, Ṁfallback ≈ 1/3 M∗/tfallback(t/tfallback)

−5/3 (Rees
1988), here M∗ is the mass of the star. We will use Ṁfallback

with Rp = Rt for the accretion rate onto the black hole that
can be fed into the jet. For MBH < few 107M⊙, the fall-
back rate will (greatly) exceed the Eddington rate for some
time, but we will conservatively asume that Ṁ(t) = ṀEdd

during this time; we use an exponential rise to the peak ac-
cretion rate for t < tfallback. Our results are not sensitive
to potential deviations from the canonical t−5/3 scaling of
the fallback rate (e.g., Lodato, King, & Pringle 2009), be-
cause most of the energy is injected into the jet during the
super-Eddington phase, were Ṁ is capped at ṀEdd.

With the accretion rate given by the theory of tidal
disruptions, we only have to provide one more ingredient
to produce radio light curves for these events: the conver-
sion of jet power into synchrotron luminosity or the frac-
tion of disk power that is fed into the jet. Jets from active
super-massive black holes can be radio-loud or radio-quiet
(Kellermann et al. 1989), which appears to be add odds with
jet-disk symbiosis. However detailed observation have shown

c� 2011 RAS, MNRAS 000, 000–000
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Add time dependence

• Disk luminosity given by fallback rate

• Self-absorption radius sets the 
emission timescale

• Three scenarios for order of 
accretion modes
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Figure 1: Predicted radio light curves for different angles between the jet and observer with the

optimistic scenario for qj (Eq. 3a). For D3-13 and TDE2, radio observations have been obtained

after their discovery (see Table 1); the flux density upper limits from these observations are indicated

with green triangels pointing left and right. The downward pointing triangles labeled “2012”

indicate the location of EVLA semester for which we propose observations. For cos(iobs) > βj ,

the peak of the light curve moves to later time and higher flux as iobs decreases because Doppler

boosting reduces the location where the jet becomes optically thin (i.e., zssa ∝ δ/ν) and increases

the flux in the frame of the observer. While for cos(iobs) < βj the peak of the light curve moves to

earlier time as iobs is decreased due to time retardation.

the conversion factor between jet power and jet

luminosity (Ceq) [6, 10].

Eq. 1 can also be used for a time-dependent

accretion rate by propagating the emissivity at

the base of the jet forward in time using z(t) =

tβjc. It should be clear that after the accretion

has started and a jet is launched, it takes a time

zssa/βjc before significant emission can be ob-

served from this jet because before this time the

jet is still optically thick. From equipartition we

obtain

zssa = 1pc
GHz

ν/δ

�
qj(t)

0.2

Ld(t)

1045 erg s−1

�2/3

(2)

which is consistent with observations of the base

of the jet in NGC 4258 [8].

To obtain the delay time for radio emission

of TDEs from Eq. 2, we have to estimate

Ṁ(t) for these events. We first consider the

time it takes for most of the stellar debris to

return to the pericenter (Rp) after the disrup-

tion, tfallback ∼ 0.1(MBH/10
6M⊙)

1/2
(Rp/Rt)

3
yr

for a solar-type star, Rt is the tidal disruption

radius. After this time, the material falls back

onto the black hole at a rate, Ṁfallback ∝ t−5/3

[11]. For MBH < few 10
7M⊙ this fallback rate

will (greatly) exceed the Eddington rate the first

months after the disruption, but we will cap the

accretion rate at ṀEdd. A jet from a tidal dis-

ruption event form MBH = 10
7 M⊙ thus becomes

optically thin at a distance zssa ∼ 1 pc at 1 GHz

in the jet rest-frame. Which, for βj ∼ 1, im-

plies a typical delay of 3 yr between the time of

disruption and the peak of the radio light curve.

With the accretion rate given by the theory

of tidal disruptions, we only have to provide one

more ingredient to produce radio light curves for

these events: the fraction of accretion power that

is fed into the jet. We propose three scenarios:

qj =






0.2 all times (a)

0.002 Ṁ(t) > 2%ṀEdd (b)
0.2 t < tfallback (c)

(3)

where each scenario reverts to the preceding one

if the condition on t or Ṁ is not true (e.g.,

qj = 0.2 if Ṁ < 2%ṀEdd in all three scenarios).

In the optimistic scenario a, the TDE jet behaves

like a radio-loud quasar at all times. In the pes-

simistic scenario b, the jet becomes radio-loud

only when the accretion drops below < 2%ṀEdd.

While in c, which we consider the most likely sce-

nario, the systems makes a full “loop” trough all

2
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Model light curves

8

Radio jets from stellar tidal disruptions L3

emission which can be interpreted as originating from the
core of a relativistic jet (Brunthaler et al. 2000; Falcke 2001).
Indeed radio-quiet jets can also be accommodated by Eq. 1
by reducing Ceq or qj with a factor ∼ 102 with respect to
radio-loud systems.

If we assume that the physics behind launching the
jet and producing the synchrotron emission is no differ-
ent for TDE and “normal” active black holes, we are left
to answer the following question: is a TDE jet radio-loud
or radio-quiet? Observations of accreting stellar mass black
holes (i.e., X-ray binaries) can help to answer this question
since they are variable on timescales down to minutes (Bel-
loni et al. 2005) and they can serve as examples for AGN
(McHardy et al. 2006; Chatterjee et al. 2011).

When X-ray binaries experience a burst of accretion,
they follow a predefined track in the hardness-intensity dia-
gram (Belloni et al. 2005) corresponding to distinct accretion
states with associated jet properties (Fender et al. 2004). In
the quiescent mode (the hard-state) and during the onset of
the burst, jets in X-ray binaries are radio-loud, while in the
high-accretion mode (the soft-state) they are radio-quiet.

The sudden enhancement of the accretion rate during a
TDE, may move it through the different modes of accretion
in two ways: directly into the radio-quiet soft-state, or into
the soft-state via the radio-loud burst-state. Alternatively,
the jet from a TDE may behave like a radio-loud quasar at
all times. We therefore consider three different scenarios for
the fraction of accretion energy that is fed into the jet:

qj =






qloud all times (a)
qloud/10

2 Ṁ(t) > 2%ṀEdd (b)
qloud t < tfallback (c)

. (4)

where each scenario reverts to the preceding one if the con-
dition on t or Ṁ is not true (e.g., qj = qloud = 0.2 if
Ṁ < 2%ṀEdd in all three scenarios). In scenario b the jet
becomes radio-loud only when the accretion drops below
< 2%ṀEdd (Maccarone 2003), while in scenario c the sys-
tems makes a full loop trough all accretion modes, starting
with a radio-loud burst during the onset of the accretion.
We consider a most optimistic, b most pessimistic, and c
the most likely scenario. The two orders of magnitude dif-
ference in qj between scenarios a and b can also be taken
to reflect our uncertainty on the coupling between jet power
and accretion during the super-Eddington phase of the dis-
ruption.

With qj and Ṁ at hand, we can now calculate, zdec, the
radius where the jet will slow down significantly, which is
the upper limit of the integral over jet volume (Eq. 3). For
MBH = 107 M⊙ and scenario a (Eq. 4), using a jet open-
ing angle of 7◦ (FB95) and an ISM density of 1 proton per
cm−3, we obtain zdec = 3.5 pc. Comparing this to zssa (Eq.
2) this implies a significant suppression of the luminosity for
observers looking at ν < 500MHz because zdec < zssa(ν).
However, this suppression is less relevant at lower MBH or
qj , since zdec ∝ (qjLd)

1/3 while zssa ∝ (qjLd)
2/3. Clearly,

the density distribution within a few parsec from the black
hole varies between galaxies: each TDE jet will face a differ-
ent deceleration radius. In elliptical galaxies, zdec is likely
to be larger by at least a factor 10 with respect to the
value adopted in this work, due to the low gas density in
these galaxies (e.g., Biermann & Kronberg 1983). On the
other hand, zdec can decrease if the jet runs into a high-
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Figure 1. Light curves for synchrotron emission for jets from
TDE for iobs = 30◦, MBH = 107 M⊙ and three different sce-
narios of coupling between accretion and jet power (a, b and c
in the legend refer to Eq. 4). For the “always radio-loud” sce-
nario, we show three different frequencies (thick solid lines). The
highest frequencies are visible at the earliest times and at highest
luminosity because zssa ∝ ν−1 (Eq. 2). For the “burst” scenario
(thin line) we see a strong luminosity increase corresponding to
the radio-loud part of the jet during the start of the accretion, as
expected, this peak coincides with the peak of scenario a.

density clump of matter, which will enhance the luminos-
ity, as seen in an exemplary way in the radio-intermediate
quasar III Zw 2 (Brunthaler et al. 2000). For galaxies where
zdec < 0.1 pc, the external emission as modelled by Giannios
& Metzger (2011) dominates over emission from the core of
the jet at all relevant frequencies. Discriminating between
core and external emission for individual TDE jets may be
possible using the time delay between the radio emission and
the time of disruption.

3 RADIO LIGHT CURVES

In Fig. 1 we show the radio light curves that result from
applying the jet-disk symbiosis to TDEs. For the scenario in
which the jet is always radio-loud (Eq. 4a), one can see most
clearly how the opacity sets the timescale of the emission.
Since zssa ∝ ν−1 (Eq. 2), the jet is visible at earlier times
and at higher luminosity for higher frequencies. The sudden
drop in luminosity after about 20 yr is caused by our fixed
upper limit of Eq. 3 (zdec): we stop following the jet beyond
this point because the aim of this work is to predict the
internal jet emission. Connecting the internal and external
emission in a single model will be the subject of future work.
At ν = 200 MHz, we see a plateau of constant luminosity
which is caused by the photons produced after the super-
Eddington phase. For a given black hole mass, the duration
of the radio flare is maximal if viewed along the critical
angle, iobs = arccos(βj); within this angle, the timescale is
shorter because most photons arrive nearly simultaneously
at the detector, while at larger viewing angles, the frequency
in the rest-frame of the jet (ν/δ) increases, making the jet
visible at earlier times.

In Fig. 2 we show follow-up radio observations that have
been obtained for some candidate TDE. The upper limits on
the radio luminosity are consistent with our most optimistic
prediction for the jet luminosity, except for the candidate in

c� 2011 RAS, MNRAS 000, 000–000
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Delay could explain existing non-detections 
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Figure 1: Predicted radio light curves for different angles between the jet and observer with the

optimistic scenario for qj (Eq. 3a). For D3-13 and TDE2, radio observations have been obtained

after their discovery (see Table 1); the flux density upper limits from these observations are indicated

with green triangels pointing left and right. The downward pointing triangles labeled “2012”

indicate the location of EVLA semester for which we propose observations. For cos(iobs) > βj ,

the peak of the light curve moves to later time and higher flux as iobs decreases because Doppler

boosting reduces the location where the jet becomes optically thin (i.e., zssa ∝ δ/ν) and increases

the flux in the frame of the observer. While for cos(iobs) < βj the peak of the light curve moves to

earlier time as iobs is decreased due to time retardation.

the conversion factor between jet power and jet

luminosity (Ceq) [6, 10].

Eq. 1 can also be used for a time-dependent

accretion rate by propagating the emissivity at

the base of the jet forward in time using z(t) =

tβjc. It should be clear that after the accretion

has started and a jet is launched, it takes a time

zssa/βjc before significant emission can be ob-

served from this jet because before this time the

jet is still optically thick. From equipartition we

obtain

zssa = 1pc
GHz

ν/δ

�
qj(t)

0.2

Ld(t)

1045 erg s−1

�2/3

(2)

which is consistent with observations of the base

of the jet in NGC 4258 [8].

To obtain the delay time for radio emission

of TDEs from Eq. 2, we have to estimate

Ṁ(t) for these events. We first consider the

time it takes for most of the stellar debris to

return to the pericenter (Rp) after the disrup-

tion, tfallback ∼ 0.1(MBH/10
6M⊙)

1/2
(Rp/Rt)

3
yr

for a solar-type star, Rt is the tidal disruption

radius. After this time, the material falls back

onto the black hole at a rate, Ṁfallback ∝ t−5/3

[11]. For MBH < few 10
7M⊙ this fallback rate

will (greatly) exceed the Eddington rate the first

months after the disruption, but we will cap the

accretion rate at ṀEdd. A jet from a tidal dis-

ruption event form MBH = 10
7 M⊙ thus becomes

optically thin at a distance zssa ∼ 1 pc at 1 GHz

in the jet rest-frame. Which, for βj ∼ 1, im-

plies a typical delay of 3 yr between the time of

disruption and the peak of the radio light curve.

With the accretion rate given by the theory

of tidal disruptions, we only have to provide one

more ingredient to produce radio light curves for

these events: the fraction of accretion power that

is fed into the jet. We propose three scenarios:

qj =






0.2 all times (a)

0.002 Ṁ(t) > 2%ṀEdd (b)
0.2 t < tfallback (c)

(3)

where each scenario reverts to the preceding one

if the condition on t or Ṁ is not true (e.g.,

qj = 0.2 if Ṁ < 2%ṀEdd in all three scenarios).

In the optimistic scenario a, the TDE jet behaves

like a radio-loud quasar at all times. In the pes-

simistic scenario b, the jet becomes radio-loud

only when the accretion drops below < 2%ṀEdd.

While in c, which we consider the most likely sce-

nario, the systems makes a full “loop” trough all

2
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Jansky VLA observations at 5 GHz 
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Stringent observational contraints on jets from stellar tidal disruption events L3

name tD Fν ν ∆t
(yr) (mJy) (GHz) (yr)

D1-9 [1] 2004.1 < 0.15 1.4 < 0

D3-13 [1] 2004.5 < 0.15 1.4 1.8

TDE1 [2] 2006.7 < 0.23 1.4 < 0

D23H-1 [1] 2007.3 < 0.15 1.4 < 0

TDE2 [2] 2007.8 < 0.10 8.4 1.1

CSS100217 [3] 2010.2 0.50 7.9 0.4

PTF10iya [4] 2010.5 < 0.39 1.4 < 0

Table 1. Radio observations, prior to this work, of TDE can-

didates that have been detected at optical to UV wavelengths.

Except for CSS100217, we show the 5-σ upper limits on the radio

flux (Fν). ∆t denotes the time with respect to the estimated time

of disruption (tD). Entries with ∆tlim < 0 are from the FIRST

survey (which visited the fields of these sources before 2004). Ref-

erences: (1 Gezari et al. 2009), (2 van Velzen et al. 2011), (3 Drake

et al. 2011), (4 Cenko et al. 2012).

name integration time σ(Fν) ∆t
(min) µJy (yr)

D1-9 30 9 8.0

D3-13 18 8 7.6

TDE1 28 10 5.4

D23H-1 28 8 4.8

TDE2 25 12 4.3

PTF10iya 18 8 1.6

Table 2. Janky-VLA observations centered at 5 GHz. All obser-

vation are consistent with a non-detection, we list the rms level

of the images, σ(Fν).

nitude of the VLBA flux of GRB 110328A at 8 GHz (Za-
uderer et al. 2011) for scenarios a and c (Eq. 3). In the
following section we shall apply the same model to known
TDE candidates.

1.2 Predicted flux for known TDE

In Table 2 we list seven TDE candidates with a time of dis-
ruption (measured by fitting a power-law to the light curve)
no longer than 8 year ago. This limit is enforced because
after this time our jet model may lose validity due to in-
teractions of the jet with the ISM. All of the seven TDE
in our sample have been discovered at optical and/or UV
wavelengths1. Only one of the candidate TDE in our sam-
ple, CSS100217, is detected at radio frequencies. The flux of
this source was observed to be constant with a flat spectral
index. This indicates an AGN origin for the radio emission
so we remove CSS100217 from our sample.

Using the black hole mass estimated from the luminos-
ity of the host, we can calculate the radio light curves of
the candidate TDE in our sample; in Fig. 1 we show three
example light curves. We find that the current (i.e., 2011–
2012) radio emission of all six candidate TDE in our sample
can exceed the existing upper limits on their flux density. In

1
Unfortunately, all strong TDE candidates which have been dis-

covered in X-ray surveys (Komossa 2002) have a time of disrup-

tion before 2004.

other words, for a restricted range of Doppler factors, these
events can be genuine radio transients.

If we assume that the angle between the observer and
the jet is drawn from a uniform distribution (on a sphere),
we can calculate the probability of detection for a given flux
density limit. One simply has to find the largest angle for
which emission can still be detected and then calculate the
probability to observe a jet within this angle. In Table 3 we
list the results of this exercise. The probability to detect at
least one radio transient is our sample of six candidate TDE
is about 80% and 40% the optimistic and realistic scenarios,
respectively (assuming all six are indeed true TDEs). Such
a detection would be rather exciting since radio transients
at the sub mJy level are quite rare, ∼ 10−3 in the field of
view of the EVLA 8.5 GHz (Bower et al. 2007). If a radio
transient is detected, we can be almost certain it is related
to the optical/UV flare.

1.3 Observations and interpretation

In the previous sections we presented a simple and conser-
vative model that predicts the present day emission of radio
jets of known TDE candidates can be above existing flux
density upper limits. This prediction is rather trivial to test
since the existing upper limits have been obtained with the
VLA, and are reached with very little integration time of the
EVLA. To fully use the capabilities of the EVLA, we pro-
pose observations at 4 GHz and 8 GHz simultaneous (in the
C-band). For 30 minutes total time on source, this yields
a detection threshold of about 32 µJy (4-σ limit) at each
frequency. At this flux density limit, the probability to de-
tect radio emission originating from the jet launched after
the TDE for at least one of the six sources in our sample
is 99.9%, 97% and 21% in the optimistic, realistic and pes-
simistic scenarios (Eq. 3), respectively. So a non-detection
for all candidates will be interesting as well, since this will
be strong evidence that radio-loud jets are not common to
TDEs. Observations at two frequencies allow us to discrim-
inate a transient jet from a faint AGN since the radio spec-
trum of a transient jet is inverted with respect to normal
AGN.

We are aware that there is another group who have
used the EVLA for searches of radio emission from TDE
in the past, but our effort differs from this in two impor-
tant aspects: (i) we will be observing 6 months later which
increases the probability of detection at 4 GHz. (ii) our ob-
servation are motivated by testing a physical model for the
emission from jets launched after a tidal disruption event;
will reduce all available archive data as a strong test of our
model.
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Exclusion for the external model

• Find largest jet angle consistent with 
non-detection

• Probability for at least one detection:

‣ Always radio loud:                 99.992% 

‣ Radio flare:                            50% 

‣ Only below 2% Eddington:   33%
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Figure 1: Predicted radio light curves for different angles between the jet and observer with the

optimistic scenario for qj (Eq. 3a). For D3-13 and TDE2, radio observations have been obtained

after their discovery (see Table 1); the flux density upper limits from these observations are indicated

with green triangels pointing left and right. The downward pointing triangles labeled “2012”

indicate the location of EVLA semester for which we propose observations. For cos(iobs) > βj ,

the peak of the light curve moves to later time and higher flux as iobs decreases because Doppler

boosting reduces the location where the jet becomes optically thin (i.e., zssa ∝ δ/ν) and increases

the flux in the frame of the observer. While for cos(iobs) < βj the peak of the light curve moves to

earlier time as iobs is decreased due to time retardation.

the conversion factor between jet power and jet

luminosity (Ceq) [6, 10].

Eq. 1 can also be used for a time-dependent

accretion rate by propagating the emissivity at

the base of the jet forward in time using z(t) =

tβjc. It should be clear that after the accretion

has started and a jet is launched, it takes a time

zssa/βjc before significant emission can be ob-

served from this jet because before this time the

jet is still optically thick. From equipartition we

obtain

zssa = 1pc
GHz

ν/δ

�
qj(t)

0.2

Ld(t)

1045 erg s−1

�2/3

(2)

which is consistent with observations of the base

of the jet in NGC 4258 [8].

To obtain the delay time for radio emission

of TDEs from Eq. 2, we have to estimate

Ṁ(t) for these events. We first consider the

time it takes for most of the stellar debris to

return to the pericenter (Rp) after the disrup-

tion, tfallback ∼ 0.1(MBH/10
6M⊙)

1/2
(Rp/Rt)

3
yr

for a solar-type star, Rt is the tidal disruption

radius. After this time, the material falls back

onto the black hole at a rate, Ṁfallback ∝ t−5/3

[11]. For MBH < few 10
7M⊙ this fallback rate

will (greatly) exceed the Eddington rate the first

months after the disruption, but we will cap the

accretion rate at ṀEdd. A jet from a tidal dis-

ruption event form MBH = 10
7 M⊙ thus becomes

optically thin at a distance zssa ∼ 1 pc at 1 GHz

in the jet rest-frame. Which, for βj ∼ 1, im-

plies a typical delay of 3 yr between the time of

disruption and the peak of the radio light curve.

With the accretion rate given by the theory

of tidal disruptions, we only have to provide one

more ingredient to produce radio light curves for

these events: the fraction of accretion power that

is fed into the jet. We propose three scenarios:

qj =






0.2 all times (a)

0.002 Ṁ(t) > 2%ṀEdd (b)
0.2 t < tfallback (c)

(3)

where each scenario reverts to the preceding one

if the condition on t or Ṁ is not true (e.g.,

qj = 0.2 if Ṁ < 2%ṀEdd in all three scenarios).

In the optimistic scenario a, the TDE jet behaves

like a radio-loud quasar at all times. In the pes-

simistic scenario b, the jet becomes radio-loud

only when the accretion drops below < 2%ṀEdd.

While in c, which we consider the most likely sce-

nario, the systems makes a full “loop” trough all
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Figure 1: Predicted radio light curves for different angles between the jet and observer with the

optimistic scenario for qj (Eq. 3a). For D3-13 and TDE2, radio observations have been obtained

after their discovery (see Table 1); the flux density upper limits from these observations are indicated

with green triangels pointing left and right. The downward pointing triangles labeled “2012”

indicate the location of EVLA semester for which we propose observations. For cos(iobs) > βj ,

the peak of the light curve moves to later time and higher flux as iobs decreases because Doppler

boosting reduces the location where the jet becomes optically thin (i.e., zssa ∝ δ/ν) and increases

the flux in the frame of the observer. While for cos(iobs) < βj the peak of the light curve moves to

earlier time as iobs is decreased due to time retardation.

the conversion factor between jet power and jet

luminosity (Ceq) [6, 10].

Eq. 1 can also be used for a time-dependent

accretion rate by propagating the emissivity at

the base of the jet forward in time using z(t) =

tβjc. It should be clear that after the accretion

has started and a jet is launched, it takes a time

zssa/βjc before significant emission can be ob-

served from this jet because before this time the

jet is still optically thick. From equipartition we

obtain

zssa = 1pc
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0.2

Ld(t)
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(2)

which is consistent with observations of the base

of the jet in NGC 4258 [8].

To obtain the delay time for radio emission

of TDEs from Eq. 2, we have to estimate

Ṁ(t) for these events. We first consider the

time it takes for most of the stellar debris to

return to the pericenter (Rp) after the disrup-

tion, tfallback ∼ 0.1(MBH/10
6M⊙)

1/2
(Rp/Rt)

3
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for a solar-type star, Rt is the tidal disruption

radius. After this time, the material falls back

onto the black hole at a rate, Ṁfallback ∝ t−5/3

[11]. For MBH < few 10
7M⊙ this fallback rate

will (greatly) exceed the Eddington rate the first

months after the disruption, but we will cap the

accretion rate at ṀEdd. A jet from a tidal dis-

ruption event form MBH = 10
7 M⊙ thus becomes

optically thin at a distance zssa ∼ 1 pc at 1 GHz

in the jet rest-frame. Which, for βj ∼ 1, im-

plies a typical delay of 3 yr between the time of

disruption and the peak of the radio light curve.

With the accretion rate given by the theory

of tidal disruptions, we only have to provide one

more ingredient to produce radio light curves for

these events: the fraction of accretion power that

is fed into the jet. We propose three scenarios:

qj =






0.2 all times (a)

0.002 Ṁ(t) > 2%ṀEdd (b)
0.2 t < tfallback (c)

(3)

where each scenario reverts to the preceding one

if the condition on t or Ṁ is not true (e.g.,

qj = 0.2 if Ṁ < 2%ṀEdd in all three scenarios).

In the optimistic scenario a, the TDE jet behaves

like a radio-loud quasar at all times. In the pes-

simistic scenario b, the jet becomes radio-loud

only when the accretion drops below < 2%ṀEdd.

While in c, which we consider the most likely sce-

nario, the systems makes a full “loop” trough all
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Sw 1644+57 late-time light curve

• few mJy after 10 yr! (if Γ>1)

• Scale to off-axis observers

‣ Knowledge of frequency 
structure required

‣ Assume ‘blob’
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Figure 8. Predicted evolution of the radio light curves at 6 GHz (blue) and
22 GHz (red) assuming a radial density profile of ρ ∝ r−1.5 at r ! 1 pc
and three values for the maximum integrated beaming-corrected energy (solid:
Ej = 1052 erg; dashed: Ej = 3 × 1052 erg; dotted: Ej = 1053 erg). The
thin horizontal lines mark the 5σ sensitivity of the EVLA and indicate that the
radio emission from Sw 1644+57 should be detectable for decades (and perhaps
centuries) at centimeter wavelengths.
(A color version of this figure is available in the online journal.)
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Figure 9. Predicted evolution of the jet radius assuming a radial density profile
of ρ ∝ r−1.5 at r ! 1 pc and three values for the maximum beaming energy
(solid: Ej = 1052 erg; dashed: Ej = 3 × 1052 erg; dotted: Ej = 1053 erg).
The thin horizontal line marks the resolution of VLBI for a jet opening angle of
θj = 0.1. The source should become resolvable at δt ∼ 6 yr, with an expected
22 GHz flux density of about 2 mJy (Figure 8). If the jet instead begins to
undergo significant spreading it may become resolvable at ∼1 yr when the
22 GHz flux density is still ∼10 mJy.
(A color version of this figure is available in the online journal.)

decades may extend the range of detectability to centuries.15

The same is true if the total energy scale is ∼1053 erg.
An equally important question is whether the jet will be

resolvable with VLBI in the future. The projected radius is
rproj ≈ rθj , as long as the jet maintains its collimation. In
Figure 9, we plot the predicted future evolution of r using the

15 Significant budget cuts to radio facilities in the future may lead to the
opposite effect.

prescription described above. We find that for θj = 0.1 and
a best-case VLBI angular resolution of ≈0.2 mas (FWHM),
the source should become resolvable at δt ≈ 6 yr. On this
timescale the 22 GHz flux density is expected to be only ≈2 mJy
(Figure 8), still accessible with VLBI. While the flux density
at 6 GHz is expected to be larger by about a factor of 2.6, the
angular resolution at this frequency is poorer by about a factor of
3.7, making it less competitive than 22 GHz. Thus, we conclude
that the radio emission from Sw 1644+57 may be marginally
resolved in a few years. On the other hand, if the jet undergoes
significant spreading on the timescale at which it becomes non-
relativistic (as expected for GRB jets; e.g., Livio & Waxman
2000) it is possible that it will become resolvable at δt ∼ 1–2 yr
when the expected 22 GHz flux density is still ∼10 mJy.

We are undertaking continued multi-frequency radio moni-
toring of Sw 1644+57 to follow the long-term evolution of the
relativistic outflow and the radial profile of the ambient medium.
Even in the absence of any future dramatic changes relative to
the current evolution, we expect that in the next few years we
may be able to determine the total energy of the relativistic
outflow, measure the spreading of the jet, and study the radial
density profile to a scale of ∼10 pc. Future papers in this series
will detail these results.
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Sw 1644+57 off-axis: Γ(t>1yr) = 2 
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Γ(t) = ~ t-0.2 ; Sedov-Taylor if Γ<2
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Not all TDF launch jets?

• Radio upper limits for optically discovered 
TDF inconsistent with current jet models

• But optical TDF (may) have different:    

‣ Environment 

‣ Black hole mass; accreted matter

‣ Delay with respect to time of disruption
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Figure 6. Cumulative areal density of transients as a function of peak flux density for all major transient surveys. Most of the surveys are upper limits and the allowed
phase space is above and to the right of the L-shaped symbol. The three dark blue L’s (annotated as B2 for the two-month transients from B07, B1 for the single-epoch
transients from B07, and O for the lone transient reported in Ofek et al. 2011) are the upper limits derived as a result of the analysis presented here. These limits were
derived by assuming no detection (whence a Poisson upper limit of 3 at the 95% confidence level; see Appendix C) and survey areas summarized in Ofek et al. (2010).

2011). Shortly thereafter a second candidate non-thermal tidal
disruption event (TDE) was recently proposed (Cenko et al.
2011). Events such as these give us an opportunity to study the
activity of 107–108 M! supermassive black holes in otherwise
normal galaxies.

The areal density in Figure 6 is calculated assuming an
observed rate of 0.2 yr−1 Swift J1644+57-like events and a
gamma-ray beaming factor of 103 (Zauderer et al. 2011; Bloom
et al. 2011). Nominally, Swift J1644+57-like sources appear to
be the most frequent extragalactic transients that will be found
in radio transient searches. We acknowledge that the uncertainty
of both the observed rate and the gamma-ray beaming is high
and the true rate may be significantly different.12

Now we come to the most uncertain as well as potentially
the most important extragalactic radio transient—the merger
of two neutron stars (or a black hole and a neutron star). It is
generally accepted (or expected) that short hard bursts are on-
axis explosions of these mergers (Nakar 2007; Metzger & Berger
2011). As in long-duration GRBs, radio emission is expected
by afterglow (on-axis or orphan). The rates are highly uncertain
because there are very few observations of short hard GRBs.
Thus there still continues to be a debate about the geometry of
these explosions (“jetted” or not). Next, while the expected radio
emission is straightforward to estimate (subject to the usual
parametric uncertainties of the energy fractions of relativistic
electrons and magnetic field) an additional uncertainty is the

12 Estimates based on theoretically predicted TDE rates and luminosities
(Giannios & Metzger 2011; Bower 2011; van Velzen et al. 2011) result in areal
densities that vary by three orders of magnitude. The rate that we predict here
is consistent with the upper range of these predictions.

density of the ambient gas (which is necessary for the production
of the afterglow emission).

Regardless of the uncertainty as to whether neutron star
mergers are the sources of short GRBs or not, a substantial
sub- and mildly relativistic outflow is expected to be ejected
during the merger. Nakar & Piran (2011) estimate radio emission
from these outflows. The areal density in Figure 6 is calculated
based on their estimates,13 assuming an NS–NS merger rate
of 300 Gpc−3 yr−1 and that any merger ejects 1050 erg of a
mildly relativistic outflow. We note that Nakar & Piran (2011)
suggested that RT 19870422 was the radio emission from the
remains of a neutron star merger. However, as noted in Section 3,
this source is an artifact.

6. WAY FORWARD: NEW SURVEYS

There are sound reasons to continue the exploration of the
dynamic radio sky. Radio searches are an ideal way to discover
core-collapse SNe embedded in or behind dusty regions. The
discovery of SN 2009bb shows that large radio searches can find
urgently needed additional examples of nearby low-luminosity
GRBs. Next, the many rewards of radio follow-up observations
of Swift 1644+57 (accurate localization, energetics, beaming,
and outflow velocity) show the tremendous diagnostic power
of radio observations of this entirely new class of extragalactic
transients.

As exciting as these developments are, the search for new
classes of radio transients has involved several false starts.

13 The rate density of such mergers is poorly constrained. It ranges between
10 to 104 Gpc−3 yr−1 for NS–NS mergers (Phinney 1991; Narayan et al. 1991;
Kalogera et al. 2004; Abadie et al. 2010).
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Good news: areal rate of Sw 1644+57

 Frail et al. 2012
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Outlook

• Wait for Sedov phase of Sw 1644+57

• Analyze Sw 2058+05

• Include other non-detections

• Keep observing! 

17
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Lessons from multi-frequency radio data (Zauderer et al. 2011)

• ~days delay between 4.9 
GHz and 6.7 GHz

•  For conical jet:

• Much smaller than 
equipartition for qj = 0.2
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10 Zauderer et al.
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Figure 3. Radio light curves of Swift J164449.3+573451 at 5 − 345 GHz reveal interstellar

scintillation. (a) Light curves at 5−25 GHz (error bars are smaller than symbols; see SI). These

data are from the EVLA, the AMI Large Array, and the OVRO 40-m telescope. The lines are

broken power law fits to the 5−25 GHz light curves, using March 25 as the initial time. The low

frequency light curves exhibit significant interstellar scintillation, with the strongest modulation

at 6.7 GHz. To calculate the expected interstellar scintillation we use the NE2001 Galactic

Free Electron Density Model.12 For the line of sight to Swift J164449.3+573451 (l = 86.7111,

b = 39.4415) the scattering measure is 2.2×10−4 kpc m−20/3. With a scattering screen distance of

∼ 1 kpc the transition from weak to strong scattering occurs11 at ν0 ≈ 10 GHz, while the Fresnel

scale is θF,0 ≈ 1 µas (sizes are given as radii). At frequencies above ν0 the modulation index is

given by mp ∝ (ν/ν0)−17/12 (θs/θF,0)−7/6. For frequencies below ν0 refractive scintillation leads

to mp ∝ (ν/ν0)17/30 (θs/θr)−7/6, where the refractive scale is θr = θF,0(ν/ν0)−11/5. Comparing

these results to the observed modulation we infer a size of θs ≈ 5 µas. Also shown is the Swift

X-ray light curve4 binned on a timescale of 15 min and multiplied by a factor of 1.3× 1010 to fit

on the same flux density scale as the radio data. The strong X-ray variability during the first

10 d is not accompanied by similar order of magnitude fluctuations in the radio bands, pointing

to a distinct origin for the radio and X-ray emission. (b) Light curves at 44− 345 GHz from the

EVLA, CARMA, and the SMA (error bars are one standard deviation). These frequencies are

mainly in the decline phase and therefore provide information on the peak of the synchrotron

spectrum (Figure 2). Upper limits at 345 GHz are marked by triangles.

zssa = z0(ν/ν0)
−1

z0 ∼ 10−3 pc
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Predicted rate and observed upper limits
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Sw 1644+57 off-axis: Γ(t) = ~ t-0.2
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