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Motivation I: “Weighing” Black Holes

❖ Connection between galaxy 
growth (bulge mass) and 
black hole growth (BH mass)

❖ Limited to d≲100 Mpc for 
resolved kinematic studies

❖ Only a minority of galaxies 
in AGN phase, some 
difficulty in establishing 
AGN M-σ relation

McConnell & Ma 2013

M-σ Relation



Motivation II: Accretion Physics

❖ Disk-jet coupling 
observed in Galactic 
stellar mass black hole 
X-ray binaries

❖ Time scales much 
longer for AGN (due 
to more massive BH), 
so difficult to observe 
analogous behavior

Remillard & McClintock 2006

Black Hole X-ray Binary Phase Diagram



Tidal Disruption Flares (TDEs)

De Colle+ 2012

Transition from nothing to highly super-Eddington to sub-
Eddington on time scale of ~ years



Outline

❖ Relativistic / Jetted Tidal Disruption Events (Sw 
J1644+57, Sw J2058+05, Sw J1112-82, IGR J12580+0134)

❖ (Possibly) non-relativistic outflows (ASASSN-14li)



Relativistic TDEs: Discovery

❖ Sw J1644+57: Triggered 
GRB algorithm on Swift 
on 28 March 2011

❖ While initial X-ray flux 
comparable to GRB 
afterglows, much more 
long-lived

❖ Short time scale 
variability (Δt ~ 100 s) 
out to late times



Relativistic TDE: SEDs

Bloom et al., 2011

Complex SED with multiple emission regions



Relativistic TDE: SEDs

SBC+ 2012

Thermal emission in UV (disk?) + non-thermal X-ray and radio (jet?)



Relativistic TDEs: Newly Formed Jet

Levan et al., 2011
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Figure 2. The radius of the radio emitting region inferred from the relativistic model indicates a

formation date in excellent agreement with the intial burst. Angular radius of the radio emitting

region as a function of UT date. The linear growth in source size indicates a formation date of

2011 March 23-26 UT, in agreement with the initial Swift detection of γ-ray emission on 2011

March 25 UT. The solid and dashed lines indicate fits to the first three epochs and all four epochs,

respectively. We note that the last epoch on 2011 April 16 UT has a larger uncertainty than the

preceding measurements.

Zauderer et al., 2011

Sw J1644+57: The birth of a relativistic jet



Relativistic TDEs: Hosts

❖ Heavily obscured optical/
NIR transient emission from 
Sw J1644+57

❖ Both NIR and radio transient 
localized to host nucleus (< 
150 pc) of star-forming 
galaxy 

❖ No evidence of pre-outburst 
AGN activity

Levan et al., 2011



Relativistic TDEs: Cartoon
• Star tidally disrupted by SMBH

• Resulting shocked, circularized 
accretion disk gives rise to 
thermal emission

• Launches collimated, relativistic 
jet powering non-thermal radio 
and (likely X-ray)

• In analogy with AGN, non-
thermal component only visible 
for preferential viewing angles

Bloom et al., 2011

to a transition of the accretion flow to a soft/thermal
state once the accretion rate becomes sub-Eddington,
in analogy to the behavior of stellar-mass x-ray
binaries. Even in this case, whether and when ther-
mal emission will be observable hinges on the de-
gree of dust extinction and its brightness relative
to the host bulge.

If the TDF hypothesis is correct, Sw 1644+57
will fade over the coming year and will not re-
peat. If our interpretation about the relativistic
flow and spectral origin is correct, then we would
expect the transient emission to be polarized at a
(low) level similar to that seen in gamma-ray burst
afterglows [as opposed to blazars (35, 36)]. More-
over, we expect to see evidence for superluminal
motion of the radio source as seen in VLBI moni-
toring over the next few months; the source itself
may become resolved on time scales of a few
months if it remains bright enough to detect at
radio wavebands.

Adopting a beaming fraction fb ≲ 10−2 con-
sistent with that inferred from Sw 1644+57 (SOM),
we conclude that for every on-axis event, there
will be 1/fb ≳ 102 events pointed away from our
line of sight. Because Swift has detected only one
such event in ∼6 years of monitoring, the total

inferred limit on the rate of TDFs accompanied
by relativistic ejecta is ≳10 year−1 out to a sim-
ilar distance. Although themajority of such events
will not produce prompt high-energy emission,
bright radio emission is predicted once the ejecta
decelerates to nonrelativistic speeds on a time
scale of ∼1 year (17). The predicted peak flux is
sufficiently high (∼0.1 to 1mJy at several-gigahertz
frequencies and redshifts similar to that of Sw
1644+57) that ∼10 to 100 may be detected per
year by upcoming radio transient surveys.

The emerging jet from the tidal disruption
event appears to be powerful enough to ac-
celerate cosmic rays up to the highest observed
energy (∼1020 eV) (37). The observed rate of
jets associated with the tidal disruption of a
star, Ṙ e 10−11 Mpc−3 year−1, and the energy
released per event of 3 × Ex ∼ 5 × 1053 erg,
however, imply an energy injection rate of
ĖTDF e 5! 1042 ergMpc−3 year−1. Despite the
large uncertainty, this rate is substantially smaller
than the injection rate Ėinj e 1044 erg Mpc−3 year−1

required to explain the observed flux of cosmic
rays of energy >1019 eV (38). This conclusion
is, however, subject to uncertainties associated
with the radiative efficiency of the jet.

There is much evidence that AGN jets are
accelerated by magnetohydrodynamic, rather
than hydrodynamic, forces (39). A key unsolved
question is whether the large-scale magnetic field
necessary to power the jet is advected in with the
flow (40), or whether it is generated locally in
the disk by instabilities or dynamo action. If the
jet is launched from a radius Rin, the magnetic
field strength at its base (B) is related to the jet
luminosity by Lj ∼ pRin

2 c × (B2/4p). If we as-
sume Lj ∼ 1045 erg s−1, similar to the Eddington
limit for a ∼107M⊙MBH (as appears necessary
to explain the bright nonthermal emission), the
required field strength isB∼ 105G forRin∼ 1.5 rS.
This field is much higher than the average field
strengths of typical main-sequence stars (<103 G).
The stellar field is further diluted because of
flux freezing by a factor ∼(R*/Rin)2 as matter falls
into the BH, where R* ∼ R⊙ is the stellar radius
before disruption. Hence, the large-scale field
responsible for launching the jet associated with
Sw 1644+57 must have been generated in situ.
Placing similar constraints has not previously
been possible in the context of normal AGN or
x-ray binary disks, because of the much larger
ratio between the outer and inner disk radii in
such systems.
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Fig. 2. Schematic representation of the geometry
and emission regions for Sw 1644+57. A star is
disrupted at distance rd from an MBH of mass MBH
with Schwarzschild radius rS. Half of the mass of
the star escapes on unbound orbits while the other
half remains bound. Shocked, circularized fallback
mass sets up a temporary accretion disk with inner
radius 3 rS (for a nonspinning BH). A two-sided jet
is powered starting at the time of accretion and
plows through the interstellar region surrounding
the BH at a Lorentz factor Gj. At some later time,
the jet has reached a distance Rj, where the forward
shock radiates the observed radio and IR light.
Emission from the accretion disk is Compton-
upscattered, giving rise to the observed x-rays.
Different viewing angles (whether the observer is
inside qj ≈ 1/Gj or not) determine what sort of
phenomena is observed. An analogy with blazars
and AGN for more massive BHs is given.
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Relativistic TDEs: X-ray Drop

Pasham et al., 2015
Levan et al., 2016

Sw J1644+57
Sw J2058+05



QPOs and Fe-K Alpha

Discovery of reverberation mapping signal from
Fe K alpha line constrains geometry/location of X-ray gas 

Kara et al. 2016

SwJ1644 Timing Analysis



Relativistic TDEs: Late-Time Radio

❖ Late-time (dt ~ few years) 
radio emission now seen in all 
three Swift candidates

❖ Further support for relativistic 
jet in SwJ2058 and SwJ1112

Brown et al., 2017



Relativistic TDEs: Off-Axis Jets?

Van Velzen et al., 2013

No thermal TDE candidates show evidence for off-axis relativistic jets (yet)



Relativistic TDEs: Off-Axis Jets?

Nikolajuk & Walter 2013

Hard X-ray flare in NGC 4845 interpreted as (possible) off-axis event
with radio emission detected several years later

Lei et al. 2015



Non-relativistic Outflows

Alexander et al., 2016

ASASSN-14li: Radio

From broadband radio observations, measure outflow velocity of 
~ 20,000 km s-1 and E ~ 1048 erg



Disk-Jet Coupling

ASASSN-14li

13 day lag observed between X-ray and radio (16 GHz) signal in 
ASASSN-14li.  Interpreted as disk-jet coupling

Pasham & Van Velzen 2017



Non-relativistic Outflows

Alexander et al., 2017

More recent detection of XMMSL1 J0740 with similar radio
properties (also non-thermal X-rays)



Very Low Velocity Outflow

Highly ionized gas, close to black hole (varies on few
day time scales), velocities of few hundred km s-1 

Miller et al. 2015

ASASSN-14li: X-ray



Future: eROSITA + SKA Pathfinders

Wide-area instruments at X-ray and radio wavelengths will be 
discovering these sources in greatly increased numbers soon!


