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SNe, GRBs Flare from an AGN

Tidal disruption of a star
by a black hole

Binary supermassive black 
hole coalescence

Possible cataclysmic events in galactic nuclei



Mergers of Binary 
Supermassive Black Holes
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figure from Backer et al. (2003), based 
on the work of Begelman et al. (1980)

(from Cuadra et al. 2009)

The basics of SBBH coalescence



Event rates and observational consequences 5
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from Corrales et al. (2010)
see also Rossi et al. (2010)

from Sesana et al. (2009)

LISA detection rate: 10 – few x 100 yr –1

t=210 d,  rin=103 Rs 

υk=530 km/s,   M•=106 M 

L~2 x 1043 erg/s



Tidal Disruption of Stars by a 
Supermassive Black Hole



» Tidal disruption condition:   aT > g★

❖ strength of tidal encounter
(a.k.a. penetration factor)

❖ for a 1 M main-sequence star,

❖ for a 0.6 M white dwarf,

The basics of tidal disruption 7
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First passage,   Δt~1 day

Tidal tail,   Δt~20 days

Self-intersection of tail

(figures from Lee & Kim 1996)

time scales for 
m★=1 M, M●=106 M, β≃1

The disruption: play-by-play



Accretion of returning debris 9

the luminosity for the spheroidal component is LhaloH! ’ 6 ;
1038 ergs s!1 (also listed in Table 2).

We discuss the emission properties of the debris in x 5.1 and
their implications for the observability in x 5.3. Finally, with
the above emissivity prescriptions we calculate the observed
H! luminosity curve of the debris at a particular time step by
computing the time at which the light was emitted from the
debris and by finding the ionizing flux that was illuminating
that location at the time the emission occurred, according to
the light-travel time from the black hole to that particular
region of the debris.

Figure 4 shows three different H! light curves from the
debris confined to a plane (assuming "in " 500, "out " 40; 000)
during the 60 day accretion phase of the 5k simulation.
Figure 4a shows the accretion luminosity on a logarithmic
scale (solid curve), calculated from the accretion rate of the
debris in the SPH simulation. The UV/X-ray luminosity curve
is arbitrarily scaled and overplotted on the top of the H! curve
for comparison. It is noticeable that the H! light curve departs
from the accretion light curve at late times, though the depar-
ture appears small in the logarithmic plot (used here because of
the large dynamic range of the light curves). The same effect is
more noticeable in Figure 4b, where the accretion luminosity is
proportional to t!5=3 and the H! light curve is plotted on a
linear scale. The H! light curve roughly follows the shape of
the incident UV/X-ray light curve at early times but decays
faster at late times. The faster decay in the H! light curve
reflects the debris evolution in time: as the tail becomes more
elongated, the incident photons travel a longer way to illumi-
nate the debris. Consequently, the intensity of the illuminating
light gets lower in the later stages of the tidal disruption event.
The relative decay rate of the H! light curve with respect to the
UV/X-ray light curve diminishes about 80 days after the ac-
cretion started. We find that this late relative rise in the H!
luminosity is due to the increase in the number of particles in
the disk component. As particles diffuse from the high-density
tail to the lower density disk, in later stages of the simulation,

their emission efficiency increases and they contribute a sig-
nificant amount of H! light to the light curve. To isolate the
effect of the debris evolution in time from the evolution of
the illuminating light curve, we calculate the H! light curve in
the case of constant illumination (Fig. 4c). Here the relative
departure of the H! light curve from the UV/X-ray light curve

Fig. 3.—Quantum efficiency for particles in the disk (top) and the tail
(bottom) as a function of distance from the black hole. The data points are the
results of CLOUDY photoionization calculations performed for different
regions in the tail and the disk. The solid line is the best-fit power law, with
power-law indices qtail " 2:41 and qdisk " 0:06, respectively.

Fig. 4.—H! light curves (triangles) resulting from the reprocessing of three
different illumination light curves. The solid line shows a scaled version of the
UV/X-ray continuum light curve that illuminates the debris, which in (a)
follows the SPH accretion rate, (b) decays with time as t!5=3, and (c) is con-
stant. Note that the vertical axis is calibrated logarithmically in (a), while in (b)
and (c) they have the same linear scale. The H! light curves rise initially as the
illumination front propagates through the debris and then decay faster than the
UV/X-ray light curves. The details of the calculation are described in x 4.1.

TIDAL DISRUPTION SIGNATURE 713No. 2, 2004

t –5/3

» Accretion rate ∝ t – 5/3

❖ Rees (1988), Evans & Kochanek (1989), 
Lodato et al. (2009), +many others 

» Early times: blackbody 
spectrum with T ~ 105 K

❖ Loeb & Ulmer (1997); Ulmer (1999), 
Strubbe & Quataert  (2010)

» Late times: illumination of 
debris by soft-X/UV photons 
and line emission

❖ Bogdanović et al. (2004)
Strubbe & Quataert  (2010)
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figure from
Bogdanović et al. (2004)



What can we learn by observing such events?

» Identification of “dormant” black holes in 
galactic nuclei,

including IMBHs, which can disrupt WDs.

» Constraints on stellar dynamics in galactic 
nuclei, via event rates

mass segregation (compact objects)

isotropy of stellar orbits (i.e., triaxiality)

» Black hole and galaxy co-evolution
event rates depend on BH mass spectrum and 
host luminosity distribution, and their relation

10



» Magorrian & Tremaine (1999)
Γ ~ 10 –4 galaxy –1 yr –1  for MS stars in
L< 1010 L galaxies with steep density cusps
(Γ ~ 10 –5 galaxy –1 yr –1  for giants)

» Wang & Merritt (2004)
dΓ(M●)/dM ≈ 10 –4 M6 –0.25 galaxy –1 yr –1 (implied)
⇒ Γ(106 –108 M) ≈ 10 –5 yr –1 Mpc –3 

» M ~ 10–3 M yr –1 (⇒ 106 M in 109 years)

important for growth of small BHs
(Magorrian & Tremaine 1999; Merritt & Poon 2004)

11Recent predictions of event rates



More on event rate predictions

» Rates depend on BH mass spectrum, galaxy 
luminosity distribution, and relation between 
the two.

» Loss cone assumed to be re-populated via 2-
body relaxation. 

Triaxiality leads to faster re-filling of loss cone 

» Chen et al. (2009)
Enhanced rate in case of a q≪1 binary BH

Γ ~ 1 galaxy –1 year –1,   for ~10 4 years

12



Observations: serendipitous discoveries

» The basic idea in past searches: 
❖ Abrupt changes in UV/X-ray flux  (x 10 or more) 
❖ Followup observations: X-ray and emission-line 

variability; rule out other explanations (AGN, SNe)

» ~9 X-ray events (Komossa, Greiner, Grupe, Brandt)

❖ 4 events show: L(t) ~ t –5/3 over > 10 years

» 1 UV event: NGC 4552 (Renzini et al.1995)

» 4 Emission-line events: 
NGC 1097, Pic A, IC 3599 (also X-ray), SDSS J 0952+2143 (SN?) 
(Storchi-Bergmann et al. 1993, Halpern & Eracleous 1994, Sulentic 
et al 1995, Grupe, Komossa et al 2009)

13



X-ray flares: active vs inactive galaxies

» Variability of a weak AGN will compicate our 
identification of tidal disruption events. 

» Possible cataclysmic variability of AGNs not 
well known; must assume the worst...

» We do know that LLAGNs can vary by factors 
of several in the UV over a few years.

14



Observations: systematic X-Ray surveys

» ROSAT all-sky survey vs later, pointed 
observations (3 events) (Donley et al. 2002)

Γ ~ 10 –5 galaxy –1 yr –1 

» ROSAT all-sky survey vs XMM slew survey
(2 events) (Esquej et al. 2002)

Γ ~ few x 10 –4 galaxy –1 yr –1 

» Multiple observations of Chandra deep fields 
(0 events) (Luo et al. 2008)

Γ < 10 –4 galaxy –1 yr –1 

» Multiple observations of galaxy clusters
(1 event so far) (Maksym & Ulmer in progress)

15



Observations: systematic UV surveys

» Gezari et al. (2006, 2008, 2009)

» Comparison of multiple GALEX exposures of 
the same fields in search of UV flashes.
x 10–100 increase in UV flux

» Followup observations:
❖ optical spectroscopy and photometry
❖ X-ray “spectroscopy”

» 3 events found so far with very similar 
properties 

» Rate consistent with few x 10 –4 galaxy –1 yr –1

16



Light curves of GALEX events 17
18 Gezari et al.

Fig. 8.— Left: Light curves of the three GALEX tidal disruption flare candidates, presented in this Paper and Gezari et al. (2008). The
AB magnitudes have been corrected for Galactic extinction, and subtracted by the distance modulus (DM=5 log(dL/10pc)). The time axis
is in years since the time of disruption found in the fit, corrected for time dilation, in the rest frame of the galaxy. The FUV light curve is
shown for D23H-1, and the NUV light curves are shown for D1-9 and D3-13. The r-band light curves are shifted up by the observed average
(NUV-r) color, (NUV-r)D1!9 = !2.0 and (NUV-r)D3!13 = !1.4. The solid lines show the power-law fit with the power-law index, n,
fixed to 5/3, and the dashed lines show the fits with the power-law index n free to vary. Right: the solid line shows the analytical solution
from Lodato et al. (2009) of Ṁ(t) for a solar-type star with a ! = 1.4 polytropic index, scaled in time by k!3/2(MBH/106M")1/2, where
we assume k = 3, and fit for MBH = 5.4 " 107, 2.4 " 107, and 1.2 " 107M" for D23H-1, D1-9, and D3-13, respectively.

Fig. 9.— Left: single temperature blackbody fits to the three GALEX flares. Fits to the soft X-ray flux densities in D1-9 and D3-13 are
shown with a dashed line, and were detected 2.3 and 1.2 yr after the peak of their flares, respectively. The fluxes corrected for an internal
extinction of E(B ! V )gas = 0.3 using the Calzetti (2001) extinction law are plotted with open symbols, and the corresponding blackbody
fit is plotted with a dotted line. Right: power-law fits to the three GALEX flares and the soft X-ray detections in D1-9 and D3-13. The
fluxes corrected for an internal extinction are plotted with open symbols, and the corresponding power-law fit is plotted with a dotted line.

Model of disruption 
of polytropic star

M● ~ 107 M

Power-Law Fit ~ t –5/3

from Gezari et al. (2009)



Spectral energy distributions of GALEX events 18

18 Gezari et al.

Fig. 8.— Left: Light curves of the three GALEX tidal disruption flare candidates, presented in this Paper and Gezari et al. (2008). The
AB magnitudes have been corrected for Galactic extinction, and subtracted by the distance modulus (DM=5 log(dL/10pc)). The time axis
is in years since the time of disruption found in the fit, corrected for time dilation, in the rest frame of the galaxy. The FUV light curve is
shown for D23H-1, and the NUV light curves are shown for D1-9 and D3-13. The r-band light curves are shifted up by the observed average
(NUV-r) color, (NUV-r)D1!9 = !2.0 and (NUV-r)D3!13 = !1.4. The solid lines show the power-law fit with the power-law index, n,
fixed to 5/3, and the dashed lines show the fits with the power-law index n free to vary. Right: the solid line shows the analytical solution
from Lodato et al. (2009) of Ṁ(t) for a solar-type star with a ! = 1.4 polytropic index, scaled in time by k!3/2(MBH/106M")1/2, where
we assume k = 3, and fit for MBH = 5.4 " 107, 2.4 " 107, and 1.2 " 107M" for D23H-1, D1-9, and D3-13, respectively.

Fig. 9.— Left: single temperature blackbody fits to the three GALEX flares. Fits to the soft X-ray flux densities in D1-9 and D3-13 are
shown with a dashed line, and were detected 2.3 and 1.2 yr after the peak of their flares, respectively. The fluxes corrected for an internal
extinction of E(B ! V )gas = 0.3 using the Calzetti (2001) extinction law are plotted with open symbols, and the corresponding blackbody
fit is plotted with a dotted line. Right: power-law fits to the three GALEX flares and the soft X-ray detections in D1-9 and D3-13. The
fluxes corrected for an internal extinction are plotted with open symbols, and the corresponding power-law fit is plotted with a dotted line.

Blackbody Fit
T ~105 K

from Gezari et al. (2009)

Double Power-Law Fit 



Observations: what we have learned so far

» 12-17 candidate events known

» Event rates broadly consistent with predictions 
but with large uncertainties

» Some of the predicted signatures seen in each 
case (but not all signatures seen in same case) 

» The most simple models do the best job 
explaining light curves and SEDs...

19

Need to identify a few events with confidence to 
test the theory but we cannot be confident 
about our identifications without a good theory.



M• = 107 M!
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Signatures to look for: light curves 20

from Strubbe & Quataert (2010)
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M• = 106 M!

RP = 3RS

Signatures to look for: late-time spectra 21

Hα

Paα

C IV

from Strubbe & Quataert (2010)
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How do we tell them apart from SNe? 22

» Must coincide with center of host galaxy

» Decay rate: t –5/3 (or shallower)

» Continuum is blue: starts at g-r≈-1 and gets 
bluer with time (negative K correction)

» AGN-like ionizing continuum should lead to 
high-ionization, AGN-like emission lines, 
especially at late times. 
FWHM ~ few x 1000 km/s



Predictions for ongoing and upcoming surveys 23

Survey
Disk+ 
Debris
(yr–1)

Super 
Eddington

(yr–1)

PanSTARRs 3π 4–12 200

PanSTARRs MDS 0.2–1 20

PTF 0.3–0.8 300

LSST 60–250 6000

Numbers from Strubbe & Quataert (2010),
In agreement with Gezari et al. (2008)



Breakdown by BH mass 24
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Disruption of WDs

» Thermonuclear reactions possible in strong 
encounters (Rosswog et al. 2008, 2009)

Resembles SN at early times 

» Accompanied or preceded by gravitational 
wave signal 
(detectable up to 100 Mpc if in bound orbit) 
Kobayashi et al. (2004); Sesana et al. (2008)

» Unambiguous inferences
❖ Confirmation of event (and determination of 

redshift) from fairly unique emission-line signature 

❖ Only BHs with M• < 105 M can disrupt WDs

25



Strong encounter, burning, and accretion 26

410 ROSSWOG, RAMIREZ-RUIZ, & HIX Vol. 695

Figure 6. Tidal deformation of the white dwarf before and after passage
through pericenter, as the star attains its maximum degree of compression
(same simulation as referred to in Figure 5). The panels in the upper rows
show cuts of temperature (in units of 106 K) and density (in cgs units) through
the orbital xy-plane. The color bar gives the values of T = [Tmin, Tmax]
(log ! = [log !min, log !max]): [0, 330] ([3.6, 5.4]) for t = 6.8 s, [0, 1280]
([1.0, 6.0]) for t = 7.0 s, and [0, 3200] ([1.0, 6.0]) for t = 7.2 s. The panels in
the lower two rows show the temperature (in units of 106 K) and column density
(in cgs units) distributions in the xz-plane (averaged along the y-direction). The
color bar gives the values of T = [Tmin, Tmax] (log Σ = [log Σmin, log Σmax]):
[0, 220] ([12.0, 15.7]) for t = 6.8 s, [0, 720] ([12.0, 16.0]) for t = 7.0 s, and
[0, 1700] ([12.0, 16.5]) for t = 7.2 s. The dimension of the bar scale is 109 cm.
(A color version of this figure is available in the online journal.)

period of compression, the temperature increases beyond 3 ×
109 K, approaching but not quite reaching NSE. During this
brief period of compression, nuclei up to and beyond Si are
synthesized. The initial composition was pure He and the final
mass fraction in iron-group nuclei is about 15%. This result
should be taken as a modest underestimate, since the seven
species nuclear network only provides an approximation to the
detailed nuclear processes. Postprocessing calculations, using
a 300 isotope nuclear network over thermodynamic particle
histories resulting from these calculations, show significant
nuclear flow above silicon, for helium-rich portions of the gas
with peak temperatures above 2 × 109 K. As a result, heavier
elements (like calcium, titanium and chromium) would be made,
accompanied by a modest increase in the energy generation. It
is thus safe to conclude that the white dwarf is tidally ignited
and that a sizable mass of iron-group nuclei is injected into the
outflow.

The variation of the specific energy in the released gas, in
the absence of explosive energy input, is determined mainly
by the relative depth of a mass element across the disrupted
star in the potential well of the black hole (Rees 1988). This
is much larger than the binding energy and the kinetic energy
generated by spin-up near pericenter. Even though the mean
specific binding energy of the debris to the hole is comparable
with the self-binding energy of the original star, the spread
about this mean is larger by a factor (MBH/Mwd)1/3. Nuclear
energy released during the drastic compression and distortion
of the stellar material, further enhances the spread in specific
energies at pericenter (Figure 9), and, as a result, the mass
fraction escaping on hyperbolic orbits is increased from ∼50%
to ∼ 65% of the initial mass of the white dwarf. The mass
fraction that is ejected rather than swallowed, though less
spectacular than typical Type Ia supernovae (Hillebrandt &
Niemeyer 2000), should have many distinctive observational
signatures. First, the explosion itself should be different, since
the disrupted, degenerate stars should be, on average, lighter
than those exploding as Type Ia supernovae. Second, the spectra
should exhibit large Doppler shifts, as the ejected debris would
be expelled with speeds !104 km s−1. Finally, the optical
light curve should be rather unique as a result of the radiating

Figure 7. Evolution of the entropy " of the central portion of the disrupted white dwarf just after it attains its maximum degree of compression (same simulation as
referred to in Figures 5 and 6). This compression is halted by a shock, raising the matter to a higher adiabat. The panels show entropy (in cgs units) cuts through the
orbital xy-plane.
(A color version of this figure is available in the online journal.)

412 ROSSWOG, RAMIREZ-RUIZ, & HIX Vol. 695

Figure 10. Column density (in cgs units) and temperature (in units of 106 K) distributions in the orbital plane of the bound debris minutes after disruption. The most
tightly bound debris would transverse an elliptical orbit with major axis ∼ 300Rg before returning to R ≈ R! (same simulation as referred to in Figures 5–9).
(A color version of this figure is available in the online journal.)

but where at pericenter, Rp, the radial focusing of the orbits
acts as an effective nozzle (Figures 4 and 10). After pericenter
passage, the outflowing gas is on orbits which collide with the
infalling stream near the original orbital plane at apocenter,
giving rise to an angular momentum redistributing shock (Figure
10) much like those in cataclysmic variable systems. The debris
raining down would, after little more than its free-fall time, settle
into a disc. This orbiting debris starts to form when the most
tightly bound debris falls back. The simulation shows that the
first material returns at a time !ta, with an infall rate of about
102M# yr−1 (Figure 11). Such high infall rates are expected
to persist, relatively steadily, for at least a few orbital periods,
before all the highly bound material rains down. The vicinity
of the hole would thereafter be fed solely by injection of the
infalling matter. The early mass infall rate is sensitive to the
stellar structure (Lodato et al. 2009; Ramirez-Ruiz & Rosswog
2008), at late times, t " tfb ≈ 600 s, it drops off as t−5/3 (Rees
1988; Phinney 1989). Once the torus is formed, it will evolve
under the influence of viscosity, radiatively cooling winds and
time-dependent mass inflow.

A luminosity comparable to the Eddington value, ∼ LEdd =
1041(MBH/103M#) erg s−1, can therefore only be maintained

Figure 11. Rate at which the 0.2 M# white dwarf debris returns to the vicinity
of the black hole (same simulation as referred to in Figures 5–10).

for at most a year; thereafter the flare would rapidly fade. It
is clear that most of the debris would be fed to the hole far
more rapidly than it could be accepted if the radiative efficiency

mWD=0.2 M, M●=103 M , β=12 
Rosswog et al. (2009)
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WD capture and disruption rates

» WDs in unbound orbits
(Rosswog et al. 2009)

❖ ~ 10% of MS star rate
❖ sensitive to mass segregation
❖ Γ ~ 10 –5 galaxy –1 yr –1 

counting IMBHs in globulars

» WDs in bound orbits:
(Sesana et al. 2008)

❖ Γ ~ 10 –8 –10 –6 galaxy –1 yr –1 

❖ For a Milky Way-like galaxy with M• ~ 105 M

❖ Disruption preceded by strong GW signal

27



MWD=0.55 M!, M•=1000 M!, RP=RT

[     ]

[     ]
[   ]

[   ]
[    ]

The aftermath of the disruption of a WD 28

(Clausen & Eracleous 2010, in preparation)



Could this be it? 29

Spectrum of a globular cluster in NGC 4472 hosting an
“ultraluminous X-ray Binary” (Zepf et al. 2008)

2000 km/s



We eagerly await gravity to 
make some waves

The End


