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GRB 110328A / Swift 1644+57

•  Over 46 Telegrams & Circulars

•Δt~months accretion onto SMBH (!)

• 5 GHz detection 2 days after Swift 
trigger (EVLA)

• 1.7 mJy @ 8.4 GHz (VLBI)

• 15 mJy @ 98 GHz (CARMA)
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Model: synchrotron emission from jet core
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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
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that nearly all radio-quiet AGN do show some radio emis-
sion which can be interpreted as originating from the core
of a relativistic jet (Brunthaler et al. 2000; Falcke 2001). In-
deed 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 the physics behind launching the jet and
producing the synchrotron emission is no different for TDE
and “normal” active black holes, we are left to answer the
following question: is a TDE jet radio-loud or radio-quiet?
Observation of accreting stellar mass back holes (i.e., X-ray
binaries) can help to answer this question since they are
variable on timescales down to minutes (Belloni 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 di-
agram (Belloni et al. 2005) corresponding to distinct accre-
tion states (Remillard & McClintock 2006) 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 =






0.2 all times (a)
2× 10−3 Ṁ(t) > 2%ṀEdd (b)
0.2 t < tfallback (c)

. (4)

were each scenario reverts to the preceding one if the con-
dition on t or Ṁ is not true (e.g., qj = 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 (Mac-
carone 2003), while in scenario c the systems makes a full
loop trough all accretion modes, starting with a radio-loud
burst during the onset of the accretion. For all scenarios we
assume γj = 5 (Falcke et al. 1995). We consider a most op-
timistic, b most pessimistic, and c the most likely scenario.

3 RADIO LIGHT CURVES

In Fig. 1 we show the radio light curves that result from ap-
plying jet-disk symbiosis to TDE. 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. 3), the jet is visible at earlier times and at
higher luminosity for higher frequencies. At ν = 200 MHz we
see a plateau of constant luminosity before the peak of the
flare which is caused by the photons that are produced af-
ter the Super-Eddington phase; since the opacity drops with
the fallback rate, these photons are visible before the peak
of the light curve. For a given black hole mass, the dura-
tion 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

10
0

10
1

10
2

time since disruption (yr)

10
27

10
28

10
29

10
30

10
31

je
t

lu
m

in
o

s
it

y
(
e
rg

s
−

1
H

z
−

1
)

MBH =1×10
7M⊙

10 GHz, always radio-loud (a)

1.4 GHz, always radio-loud (a)

200 MHz, always radio-loud (a)

1.4 GHz, loud for Ṁ < 2% (b)
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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. 3). 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.

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
NGC 5905 which is only consistent with scenarios b and c.
We note that observations of similar depth obtained today,
∼ 5 years after the flare, should yield a detection. Finally
we consider the recently discovered GRB 110328A / Swift
J164449.3+573451 (GCN 11823, 11824), which may be an
example of a strongly beamed TDE (Barres de Almeida &
De Angelis 2011; Bloom et al. 2011); indeed for iobs = 1◦

and MBH = 106M⊙ our model with scenarios a and c yields
the observed VLBI flux (Atel 3278) of this transient.

4 SNAPSHOT RATE

Using the model presented in section 2, we can predict how
many jets are visible above a certain flux limit (Flim) at any
moment in time,

N(Flim, ν) = (4π)−1Ṅtde

�
dΩobs

�
dz 4πd2

C(z)×
�

dMBH φBHτeff(Lν , dL(z), Flim) . (5)

Here dC(z) and dL(z) are the co-moving and luminosity dis-
tance1, respectively and φBH is the black hole mass function.
The integration over dΩobs is needed to account for the ef-
fects of Doppler boosting. Finally, the jet model enters via
τeff(Lν(MBH, iobs), dL, Flim) or the “effective time” given by
the part of the light curve that obeys Lν(t)/(4πd2

L) > Flim.

1 We adopt a standard cosmology with H0 = 72 km s−1Mpc−1,
Ωm = 0.3 and ΩΛ = 0.7.
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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

•  Normalization, Ceq, given by 
observations (Körding et al. 2008)

• Accretion given by fallback: 
(Rees 1988) 

• Complementary to Giannios & Metzger (2011)

Pjet

L j
et

Ṁ ∝ t−5/3
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My “Fit”
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Always radio-loud

B
urst

MBH = 106 M⊙, iobs = 1◦, Γj = 5

van Velzen et al. (2011) 
arXiv:1104:4105
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Problems and opportunities
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• Radio emission too soon after disruption?

‣ Jet launching time

‣ Site of γ-ray and radio emission

‣ Jet propagation without central engine

• Soon we will have a sample of 1000 1/yr (LSST)

zssa(ν = 8GHz) ≈ 0.4 pc > 1.3 yr



Krakow 2011 Sjoert van Velzen

Back-up I

5

L2 van Velzen, Körding and Falcke

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
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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 ac-
cretion, Ld = 0.1c2Ṁ and we will use γj = 5 (Falcke et al.
1995) throughout.

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

� zdec

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. The upper limit of integration, zdec, is given by the
radius were the kinetic energy of the mass swept up by the
jet equals the energy of the jet. The former is obtained using
a jet opening angle of 7◦ and constant ISM density of one
proton per cm3. The jet energy follows from

�
Ld(t)qj(t).

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-
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that nearly all radio-quiet AGN do show some radio emis-
sion which can be interpreted as originating from the core
of a relativistic jet (Brunthaler et al. 2000; Falcke 2001). In-
deed 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 the physics behind launching the jet and
producing the synchrotron emission is no different for TDE
and “normal” active black holes, we are left to answer the
following question: is a TDE jet radio-loud or radio-quiet?
Observation of accreting stellar mass back holes (i.e., X-ray
binaries) can help to answer this question since they are
variable on timescales down to minutes (Belloni 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 di-
agram (Belloni et al. 2005) corresponding to distinct accre-
tion states (Remillard & McClintock 2006) 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 =






0.2 all times (a)
2× 10−3 Ṁ(t) > 2%ṀEdd (b)
0.2 t < tfallback (c)

. (4)

were each scenario reverts to the preceding one if the con-
dition on t or Ṁ is not true (e.g., qj = 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 (Mac-
carone 2003), while in scenario c the systems makes a full
loop trough all accretion modes, starting with a radio-loud
burst during the onset of the accretion. For all scenarios we
assume γj = 5 (Falcke et al. 1995). We consider a most op-
timistic, b most pessimistic, and c the most likely scenario.

3 RADIO LIGHT CURVES

In Fig. 1 we show the radio light curves that result from ap-
plying jet-disk symbiosis to TDE. 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. 3), the jet is visible at earlier times and at
higher luminosity for higher frequencies. At ν = 200 MHz we
see a plateau of constant luminosity before the peak of the
flare which is caused by the photons that are produced af-
ter the Super-Eddington phase; since the opacity drops with
the fallback rate, these photons are visible before the peak
of the light curve. For a given black hole mass, the dura-
tion 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
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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. 3). 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.

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
NGC 5905 which is only consistent with scenarios b and c.
We note that observations of similar depth obtained today,
∼ 5 years after the flare, should yield a detection. Finally
we consider the recently discovered GRB 110328A / Swift
J164449.3+573451 (GCN 11823, 11824), which may be an
example of a strongly beamed TDE (Barres de Almeida &
De Angelis 2011; Bloom et al. 2011); indeed for iobs = 1◦

and MBH = 106M⊙ our model with scenarios a and c yields
the observed VLBI flux (Atel 3278) of this transient.

4 SNAPSHOT RATE

Using the model presented in section 2, we can predict how
many jets are visible above a certain flux limit (Flim) at any
moment in time,

N(Flim, ν) = (4π)−1Ṅtde

�
dΩobs

�
dz 4πd2

C(z)×
�

dMBH φBHτeff(Lν , dL(z), Flim) . (5)

Here dC(z) and dL(z) are the co-moving and luminosity dis-
tance1, respectively and φBH is the black hole mass function.
The integration over dΩobs is needed to account for the ef-
fects of Doppler boosting. Finally, the jet model enters via
τeff(Lν(MBH, iobs), dL, Flim) or the “effective time” given by
the part of the light curve that obeys Lν(t)/(4πd2

L) > Flim.

1 We adopt a standard cosmology with H0 = 72 km s−1Mpc−1,
Ωm = 0.3 and ΩΛ = 0.7.
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