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Radio follow-up observations of stellar tidal disruption flares:
Constraints on off-axis jets
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Abstract. Observations of active galactic nuclei (AGN) and X-ray binaries have shown that relativistic jets are ubiquitous when
compact objects accrete. One could therefore anticipate the launch of a jet after a star is disrupted and accreted by a massive
black hole. This birth of a relativistic jet may have been observed recently in two stellar tidal disruption flares (TDFs), which
were discovered in gamma-rays by Swift. Yet no transient radio emission has been detected from the tens of TDF candidates
that were discovered at optical to soft X-ray frequencies. Because the sample that was followed-up at radio frequencies is small,
the non-detections can be explained by Doppler boosting, which reduces the jet flux for oﬀ-axis observers. Plus, the existing
followup observation are mostly within ∼ 10 months of the discovery, so the non-detections can also be due to a delay of the
radio emission with respect to the time of disruption. To test the conjecture that all TDFs launch jets, we obtained 5 GHz followup observations with the Jansky VLA of six known TDFs. To avoid missing delayed jet emission, our observations probe 1–8
years since the estimated time of disruption. None of the sources are detected, with very deep upper limits at the 10 micro Jansky
level. These observations rule out the hypothesis that these TDFs launched jets similar to radio-loud quasars. We also constrain
the possibility that the flares hosted a jet identical to Sw 1644+57.

1. INTRODUCTION
A star that passes too close to a massive black hole will be
torn apart by tidal forces. The stellar debris that remains
bound after this disruption returns to the black hole at a
rate that initially can exceed the Eddington limit ( Ṁ Edd ) by
many orders of magnitude. While the rapid t−5/3 decline of
this fallback rate [1] implies that 1% of Ṁ Edd is typically
reached within a few to ten years. A tidal disruption flare
(TDF) may thus be used to sample diﬀerent modes of
accretion for a single supermassive black hole, and thus
test our understanding of accretion physics.
Tens of (candidate) stellar tidal disruption events
have been found by searching for flares in soft X-ray (e.g.,
[2–6]), UV [7–9], or optical surveys [10–12], or based on
spectra with extreme coronal lines [13, 14]. None of these
thermal flares are associated with a radio transient, but only
a handful have been followed up at this frequency. The
only tidal disruption candidates with a detected transient
radio counterpart are those discovered in γ-rays by Swift:
Sw 1644+57 [15–18] and Sw 2058+05 [19]. Since the
radio and X-ray emission of these two events most likely
originates from a relativistic jetted outflow, they are often
referred to as relativistic TDFs. In this paper we shall refer
to the other class of TDFs as ‘thermal’, since they are all
discovered at optical to soft X-ray frequencies.
One is left to wonder why the two TDFs discovered
with Swift are the only events with evidence for a
newly-born jet. Interpreting this as a radio-loud/radio-quiet
dichotomy, similar to the devision of radio-loudness in
quasars [20, 21], would require that the tidal disruption jet
launching mechanism is sensitive to the properties of the
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disruption (e.g., mass ratio, impact parameter, orientation
of the orbit of the star with respect to the black hole
spin, or circumnuclear environment). On the other hand,
based on the observation of a fundamental plane of black
hole accretion, a universal scaling law for the non-thermal
emission across the entire black hole mass range [22, 23],
one may postulate that all stellar tidal disruptions launch
jets.
This proceeding is a condensed version of a
forthcoming publication (van Velzen, Frail, Körding, and
Falcke 2012, submitted). In sec. 2 we present two diﬀerent
tidal disruption (TD) jet models and compute oﬀ-axis light
curves. In sec. 3 we discuss the radio observations and
sample selection. We use these observations to constrain
the jet models in sec. 4 and we close with a discussion in
sec. 5.

2. TIDAL DISRUPTION JET MODELS
In this section we review two models of tidal disruption
jets and we present oﬀ-axis light curves for these models.
We have divided the models into two classes based on the
origin of the emitting particles: external or internal. In both
models, some fraction of the accretion power ends up in the
jet and the emission mechanism is synchrotron radiation.

2.1. External model: Oﬀ-axis light curves for
Sw 1644+57
In the external model of radio emission from TD jets
[25, 26], shock interaction between the jet and the gaseous
circumnuclear medium powers the emission, similar to
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Figure 1. The observed light curve of Sw 1644+57 (open
symbols), with the predicted late-time light curve (dashed lines)
for a total jet energy of E j = 1052 erg [24]. We show the
estimated 5 GHz light curve of diﬀerent oﬀ-axis observers, Eq. 2,
assuming that the Lorentz factor of the jet decreases with Γ j ∝
t−0.2 . We modified the extrapolated light curve to match a SedovTaylor solution, L j ∝ t−1.2 , when Γ j < 2. The 2-σ upper limits
on the radio flux of seven other TDF candidates (Table 1) are
shown with black triangles (we scaled these limits to the redshift
of Sw 1644+57, see sec. 4).

afterglow models of gamma-ray bursts. The model has
been applied to the radio light curve of the relativistic TDF
Sw 1644+57 [24, 26], we show the fit and predicted latetime light curve in Fig. 1. We note that this fit requires an
continuous increase of the isotropic jet power during the
first year of observations.
The scaling of the synchrotron peak and self absorption
frequency external model of Sw 1644+57 are based on
spherical expansion of an ultra-relativistic shell and thus
require θ j Γ j < 1 (with θ j , Γ j the jet opening angle and
Lorentz factor, respectively), plus an on-axis observer
i1 < 1/Γ j (t = 0); both requirements are supported by the
observed radio light curve [26].
To compute the light curve for an oﬀ-axis observer, we
first boost the observed on-axis flux F1 (ν) into the jet restframe
(1)
L j (ν) = dL2 δ3−α
1 F 1 (ν)
(e.g., [27, 28]) here we introduced the Doppler factor for
the on-axis observer δ1 = [Γ j (1 − β j cos i1 )]−1 with β j =
v j /c, α is the spectral index defined as F(ν) ∝ να , and
dL is the luminosity distance. Next, we transform the
jet luminosity to the oﬀ-axis observer using a diﬀerent
Doppler factor, δ2 . If the size of the emitting region is small
compared to the distance to the black hole, the time delay
due to the geometrical separation of the synchrotron peak
with frequency can be ignored, and we can estimate the
flux for an observer sitting at i2 :


3−α(t)
δ2
F2 (t, ν) =
F1 (t, ν)
δ1

3−α(t)
1 − β j (t)
F1 (t, ν).
≈
1 − β j (t) cos i2

(2)

Here t is measured in the observer-frame, α(t) is obtained
from the light curve, and we used cos i1 ≈ 1 − Γ −2
j /2 ∼
1 to simplify the equation. If Sw 1644+57 was indeed
a relativistic outflow that we observed on-axis, the light

curve for oﬀ-axis observers depends only Γ j (t) and i2 . The
latter is a free-parameter, which we shall constrain by our
follow-up observations (in sec. 4).
The external model of TD jets [26], applied to Sw
1644+57 [24], is used to obtain Γ j (t) and the light
curve beyond the last published radio observation of
Sw 1644+57 (about one year after the Swift trigger). The
oﬀ-axis light curve that is derived here may thus be viewed
as a test for this model. We consider two scenarios. First,
we set Γ(t > 1 yr) = 2, and use the extrapolated light
curve presented in [24]. This constant Lorentz factor is
required because the extrapolated light curve is no longer
valid when the jet slows down to mildly relativistic speed
and lateral expansion becomes important. This happens at
Γ j  2 [29]. We also consider a decreasing jet velocity
Γ j ∝ t−0.2 (as inferred for Sw 1644+57), but modify
the extrapolated light curve to match the non-relativistic
Sedov-Taylor evolution, L j ∝ t−1.2 , when Γ j < 2. We show
the light curves in Fig. 1.

2.2. Internal model: Oﬀ-axis light curves for known
TDFs
The internal model of radio emission from TD [30, 31],
is based on the simple idea of jet-disk coupling [32, 33]:
a constant fraction of the accretion luminosity (Ld ) is fed
into the jet, Q j = q j Ld . The conversion from jet power (Q j )
to radio luminosity (L j ) follows by assuming equipartition
between the energy in relativistic particles and magnetic
fields, and has been calibrated using observations of AGN
[34–36].
Stellar mass black holes show rapid switches from
radio-loud (q j = 0.2) to radio-quiet (q j < 0.002) coupling
as the accretion rate increases from sub-Eddington to
(near) the Eddington limit [37]. Motivated by the growing
evidence that accretion onto super-massive black holes
can also divided into these two modes (e.g.,[38–40]), we
considered the following three scenarios for the jet-disk
coupling in tidal disruptions:


0.2
all times
(a)



0.002
Ṁ(t)
>
2%
Ṁ
qj = 
(3)
Edd (b)


 0.2
(c)
t < tfallback
where each scenario reverts to the preceding one if the
condition on t or Ṁ is not true (e.g., q j = 0.2 when
Ṁ < 2% ṀEdd in all three scenarios). In the optimistic
scenario (a), the TD jet behaves like a radio-loud quasar
at all times. In the most conservative scenario (b), the jet
becomes radio-loud only when the accretion drops below
< 2% ṀEdd . While in c, the system starts with a radioloud burst during the onset of the accretion. We consider c
the most realistic scenario, since it resembles most closely
what is observed in X-ray binaries.
Besides q j (Eq. 3) the internal model requires a jet
Lorentz factor and the disk luminosity as a function of
time. The latter is obtained from the fallback rate of the
stellar debris for a pericenter passage at the disruption
radius, capped at the Eddington limit. We use Γ j = 5, the
default value for this model [31].
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Table 1. Jansky VLA observations at 5 GHz of TDF candidates
discovered at UV to optical frequencies. We list the redshift and
estimated black hole mass of these candidates in the second and
third column, respectively. No significant emission was detected
at the phase center of the images. We list integration time after
removal of interference, the rms of the images, and the time of
the observations with respect to the estimated time of disruption.
name

redshift

D1-9 [7]
D3-13 [7]
TDE1 [10]
D23H-1 [8]
TDE2 [10]
PTF10iya [12]

0.326
0.370
0.136
0.186
0.252
0.224

MBH
tint
σ(Fν ) ∆t
M × 107 (min) (µJy) (yr)
5
30
9
8.0
2
18
8
7.6
1
28
10
5.4
5
28
8
4.8
5
25
12
4.3
1
18
8
1.6

Table 2. Probability (%) that the jet orientation is such that the
predicted flux is below the 2σ-level of the 5 GHz observation.
Zero probability implies the predicted flux is above the threshold
even for i2 = π/2, while Pi = 100% implies the data cannot
constrain the model. In the second to third column we list
the results for the internal jet model, for the optimistic to the
conservative scenario (Eq. 3), using Γ j = 5. In the fourth and fifth
column we give the probably of detecting a jet that is identical to
Sw 1644+57, but observed oﬀ-axis, using two diﬀerent estimates
of the light curve past the last available observation (see sec. 2.1).
name
D1-9
D3-13
TDE1
D23H-1
TDE2
PTF10iya

3. OBSERVATIONS
To increase the number of TDF with radio follow-up
observations, we selected all TDF candidates with an
estimated time of disruption after 2004 for follow-up
observations. This limit is used since the internal model
of TD jets is no longer valid when the jet slows down
significantly. Our sample also includes TDFs with existing
radio upper limits, since the radio emission can be delayed
with respect to the time of disruption, see previous section.
We removed CSS100217 from the sample because it is
detected at 1 GHz before the time of disruption with
a flat spectral index, indicating an AGN origin for the
radio emission [11]. SDSS J1201+30 was not selected for
follow-up observations because this TDF was published
after our observations were scheduled. Details of the data
reduction of the remaining six candidates are summarized
below.
The radio observations were carried out on the Karl
G. Jansky Very Large Array in the C configuration on 29
January 2012 under program 12A-005. We observed at a
central frequency of 5.0 GHz with 16 subbands each with
64 2 MHz channels, spanning 2 GHz of total bandwidth.
We summarize the results of these observations in Table 1.
No significant emission was detected at the phase center of
the images.

Internal jet model
a
c
b
39 78
83
62 89
91
7
92
100
0
52
70
0
75
98
0
86
95

Sw 1644+57, oﬀ-axis
Γj = 2
Γ j ∝ t−0.2
49
46
52
50
0
0
0
0
20
19
0
0

The probability that all six TDFs in our sample hosted
jets, but were not detected due to Doppler boosting is P6 =
Πi Pi , with Pi being the probability of the observations of
each TDF candidate, as listed in Table 2. For the optimistic
scenario of the internal model (sec. 2.2) with Γ j = 5, three
of the six TDF candidates (D23H-1, TDE2, PTF10iya)
should have yielded a detection above the 2-σ level, hence
P6 = 0. The probability that all of the other three TDF
candidates hosted a jet is 1.7%. For the most conservative
scenario (Eq. 3b), P6 = 49%, while for the realistic
scenario (Eq. 3c) this is lower at 21%.
Our upper limits also constrain the possibility that
a jet similar to Sw 1644+57 was launched after the
disruption. To place the Jansky VLA observations on
the estimated oﬀ-axis light curve (Eq. 2), we equate the
time of disruption to the time of the Swift trigger and
we scale the flux using (dL,Sw /dL )2 , with dL,Sw being
the luminosity distance of Sw 1644+57. From Fig. 1
we see that our upper limits on the radio flux of three
TDFs (TDE1, D23H-1, PTF10iya) are inconsistent with
the estimated oﬀ-axis light curve of Sw 1644+57 for
all viewing angles. The probability that the other three
flares hosted a radio transient identical to Sw 1644+57 is
about 5% (for both versions of the late-time evolution we
considered in sec. 2.1).

4. ANALYSIS
In this section we compute the constraints that can be
placed on TD jet models using our Jansky VLA follow-up
observation.
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 non-detections for a
given flux density limit. One simply has to find the largest
angle for which the predicted flux is above the flux limit
and then calculate the probability to observe a jet within
this angle. The flux limit is set at twice the rms of the radio
image of each TDF. (This is lower than the limit for a blinddetection experiment since we use the threshold to find the
probability of a non-detection, not to claim a discovery.) In
Table 2 we list the results of this exercise.

5. CONCLUSION & DISCUSSION
We obtained upper limits at the ∼ 10 µJy level of the
5 GHz flux of six stellar tidal disruptions events that
were discovered with optical/UV imaging surveys. This
is three orders of magnitude lower than the recently
discovered TDFs with radio emission. Suggesting that
stellar tidal disruptions come in diﬀerent flavors, ranging
from radio-loud to radio-quiet (or radio-silent). To explore
how this conclusion would be biased by the large possibile
parameter range inherent to TDFs, we compared our upper
limits to currently available jet models, taking into account
Doppler boosting and temporal evolution of the radio
emission.
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We used our observations to constrain the internal jet
model (sec. 2.2). For a jet Lorentz factor of Γ j = 5, we
can rule out the optimistic (“alway radio-loud”) scenario
for three of the six flares. The probability that the other
three TDF candidates did launch such jets, but are not
detected because Doppler boosting reduced the flux below
two times the image rms is only 4%. The hypothesis that all
events hosted jets that only becomes radio-loud when the
fallback rate drops below 2% of the Eddington accretion
rate (i.e., as observed in stellar mass black holes) is less
constrained.
We have also investigated the possibility that our
sample of TDFs hosted a jet which is identical to
Sw 1644+57, but oriented at a larger angle between the
observer and the jet. For three of the six flares, the
estimated oﬀ-axis light curves of this relativistic TDF
are inconsistent with the non-detection for all possible
observer angles. The hypothesis that all of the other TDFs
hosted jets identical to Sw 1644+57 is ruled out at the 95%
confidence level. A caveat is that the oﬀ-axis light curves
we used in this work are only valid for circumnuclear
environments that are identical to the host of Sw 1644+57.
If a division between tidal disruptions with and without
jets indeed exists, it presents a challenge to the idea
that radio-loudness can be explained by state changes of
accretion disk. Some authors have argued that the spin
of the black hole is important to produce stellar tidal
disruption jets (e.g., [41–43]). Testing this idea requires
observations of the disk emission of tidal disruptions with
jets to show that this component is similar to TDFs without
jets. Otherwise, the observed range in radio-loudness can
also be explained by a diﬀerent evolution of the stellar
debris.
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