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Fig. 7.— Snapshots of rest-mass density (in units of the initial
central density of the star) in the orbital plane around the time that
the star’s center of mass crosses the BH’s light ring from simula-
tions with main-sequence stars, MBH/M⇤ = 106, and L̃/MBH = 2
(top), and 3.5 (bottom). Also shown is the position of the set
of geodesics from the corresponding model described in Section 5
(magenta outline) at the same time as the simulation snapshot.

for r  rT , while, for r > rT , tidal e↵ects can be com-
pletely ignored. It also does not capture the distribution
of the star’s mass, which, in general, will be centrally
condensed. In addition, we note that the quantity �tgeo

is coordinate dependent (here we use harmonic coordi-
nates as in the simulations). Nevertheless, we find that
this model captures the main features of the simulation
results.
As an initial point of comparison, in Figures 7 and 9,

along with the density from the full simulation results at
approximately the time the star’s center of mass crosses
the BH’s light ring, we also include the curve made up by
the positions of the set of geodesics for the corresponding
parameters and time. We can see that in fact this curve
matches the shape of the star quite well in all cases. This
indicates that the model assumptions are fairly good ap-
proximations for these cases.
In Figure 10, we show the values of �tgeo computed for

Fig. 8.— Same as Figure 3, but for the head-on collision of a
white dwarf and a nonspinning BH.
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Fig. 9.— Same as Figure 7, but for the head-on collision of a
white dwarf with a BH with mass MBH/M⇤ = 2 ⇥ 103 (top) and
MBH/M⇤ = 4⇥ 103 (bottom).

di↵erent values of R⇤ and rT corresponding to the model
main-sequence star. Since for large mass ratios the GW
power spectrum peaks at ! ⇠ 0.3/MBH (Figure 4), we
expect decoherence of the GW signal when |�tgeo| &
⇡/! ⇠ 10MBH. The top panel of Figure 10 shows that
for head-on collisions the MBH/M⇤ = 5 ⇥ 105 case lies
below this threshold, while the MBH/M⇤ = 2.5 ⇥ 105

case exceeds it. This is fully consistent with the re-
sults from the full simulations where the former case had
⇠ 70% of the point-particle prediction for GW energy,
and the latter ⇠ 25%. The bottom panel indicates that
in the L̃/MBH = 2 and 3.5 cases with MBH/M⇤ = 106,
gravitational radiation should not be significantly sup-
pressed, also consistent with what was found in the sim-
ulations. Furthermore, the geodesic model suggests that
this should hold for L̃/MBH . 3.75. As L̃ ! L̃cap, part
of the star will collide with the BH, while part of it will
go back out on a long (possibly unbound) orbit, as illus-
trated by the L̃/MBH = 3.9 case in Figure 10. Hence
decoherence e↵ects will be strong.
We also apply the geodesic model to white dwarf pa-

Fig. 10.— Relative di↵erence in time for geodesics to cross
the BH light ring for model parameters corresponding to a main-
sequence star. The top panel corresponds to head-on collisions
with di↵erent mass ratios, while the bottom panel corresponds to
a MBH/M⇤ = 106 mass ratio with di↵erent amounts of angular
momentum.

Fig. 11.— Relative di↵erence in time for geodesics to cross the
BH light ring for parameters corresponding to a white dwarf. The
top panel and bottom panel have parameters corresponding to mass
ratios of MBH/M⇤ = 4⇥103 and MBH/M⇤ = 2⇥103, respectively.

rameters to obtain the results shown in Figure 11. For
MBH/M⇤ = 4 ⇥ 103 this indicates that decoherence
should not set in for L̃/MBH . 3.5. For the MBH/M⇤ =
2⇥103 case, the model indicates that a head-on collision
should be right at the decoherence threshold (we recall
that the simulation for this case had ⇡ 65% of the point-
particle prediction for GW energy), but that the magni-
tude of �tgeo is only slightly increased for L̃/MBH  2.

6. PROSPECTS FOR DETECTION

We can use the gravitational waveforms obtained from
these simulations to estimate the distance at which future
GW detectors might be able observe such events. To do

(East 2014)
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Fig. 1. The local black hole mass function, plotted as M × φM, in order to highlight the location and height
of the two main peaks. The stellar mass black holes peak has been drawn assuming a log-normal distribution
with mean mass equal to 5 solar masses, width of 0.1 dex and a normalization yielding a density of about
1.1 × 107 M⊙ Mpc−3 (Fukugita & Peebles 2004). The supermassive black hole peak, instead, contribute to
an overall density of about 4.3 × 105 M⊙ Mpc−3 (Merloni & Heinz 2008)

strong role they most likely play in the galaxy
formation process throughout cosmic history.
Indeed, a new paradigm has emerged, accord-
ing to which the feedback energy released by
growing supermassive black holes (i.e. AGN)
limits the stellar mass growth of their host
galaxies in a fundamental, generic, but yet not
fully understood fashion.

The strongest observational evidence for
such a schematic picture emerged in the last
decade. The search for the local QSO relics
via the study of their dynamical influence on
the surrounding stars and gas carried out since
the launch of the Hubble Space Telescope
(see e.g. Richstone et al. 1998; Ferrarese et al.
2008, and references therein) led ultimately
to the discovery of tight scaling relations
between SMBH masses and properties of the
host galaxies’ bulges (Gebhardt et al. 2000;

Ferrarese & Merritt 2000; Tremaine et al.
2002; Marconi & Hunt 2003), clearly pointing
to an early co-eval stage of SMBH and galaxy
growth. A second piece of evidence comes
from X-ray observations of galaxy clusters,
showing that black holes are able to deposit
large amounts of energy into their environment
in response to radiative losses of the cluster
gas. From studies of the cavities, bubbles and
weak shocks generated by the radio emitting
jets in the intra-cluster medium (ICM) it
appears that AGN are energetically able to
balance radiative losses from the ICM in the
majority of cases (see Bı̂rzan et al. 2008, and
references therein).

Nevertheless, the physics of AGN heating
in galaxy cluster is still not well established,
neither have the local scaling relations proved
themselves capable to uniquely determine the

IMBHs???

(Merloni 2008)



High energy disruption signatures

2 3 4 5 6 7

-4

-2

0

2

4

log Mbh @MüD

lo
g
M†
pe
ak
@M ü

yr
-
1 D WD

Sun-Like

30Rü RG
M
†
Edd

The peak feeding rate in WD 
disruptions greatly exceeds the 
Eddington mass accretion rate, 
and that of MS TDEs:
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High energy disruption signatures
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Figure 2. Properties of tidal disruptions of WDs with masses 0.2–1.0 M⊙ encountering MBHs with masses of 104 and 104.5 M⊙. Colored lines represent encounters
with a 104.5 M⊙ MBH in which the WD loses a fraction between 0.1 and 1 of its total mass, in intervals of 0.1. Dot-dashed lines represent encounters in which half of
the WD mass is stripped in an encounter with a 104 M⊙ MBH. The upper left panel shows that disruptive encounters occur outside the MBH’s Schwarzschild radius
for the range of masses considered, but many close passages have rp < rISCO, which may be a more appropriate cutoff for determining whether an accretion flare or
prompt swallowing results from a given encounter. The remaining panels draw on simulation results from Guillochon & Ramirez-Ruiz (2013) for n = 3/2 polytropes
to show the peak Ṁ , timescale of peak, tpeak, and time spent above the Eddington limit, tEdd.
(A color version of this figure is available in the online journal.)

(Amaro-Seoane et al. 2012; Hayasaki et al. 2013)

e > ecrit ≈ 1 − 2
β

!
M∗

Mbh

"1/3

. (2)

For a β = 1 encounter between a 0.5 M⊙ WD and a 105 M⊙
MBH, ecrit ≈ 0.97.

If e > ecrit, about half of the debris of tidal disruption is bound
to the MBH, while the other half is ejected on unbound orbits
(Rees 1988; Rosswog et al. 2008b). The initial fallback of the
most bound debris sets the approximate timescale of the peak of
the light curve, which scales as τfb ∝ M

1/2
bh M−1

∗ R
3/2
∗ . The peak

accretion rate, which is proportional to Ṁpeak ∝ ∆M/τfb, thus
scales as Ṁpeak ∝ M

−1/2
bh M2

∗R
−3/2
∗ (Rees 1988). The fallback

curves typically feature a fast rise to peak and then a long power-
law decay with an asymptotic slope similar to t−5/3 (though, see
Guillochon & Ramirez-Ruiz 2013). Since the orbital time at the
tidal radius is much shorter than that of the most bound debris, it
is usually assumed that the accretion rate onto the MBH tracks
the rate of fallback (Rees 1988).

In Figure 2, we estimate typical properties for encounters
between WDs of various masses and MBHs of 104 and 104.5 M⊙.
To construct this figure, we draw on results of hydrodynamic
simulations of tidal disruption of n = 3/2 polytropic stars
performed by Guillochon & Ramirez-Ruiz (2013). We plot
colored lines corresponding to 10 different impact parameters,
where the WD would lose a fraction 0.1–1 of its mass in intervals
of 0.1 in an encounter with a 104.5 M⊙ MBH. We plot a single
dot-dashed line for a 50% disruptive encounter between a WD
and an MBH. All of these events fuel rapid accretion to the
MBH with typical accretion rates ranging from hundreds to
thousands of solar masses per year. Typical peak timescales
for the accretion flares are hours. The long-term fallback fuels

accretion above the Eddington limit for a period of months,
after which one might expect the jet to shut off, terminating the
high-energy transient emission (De Colle et al. 2012).

In the upper left panel of Figure 2, we compare the pericen-
ter distance with both rs and rISCO ≈ 4rs. Simulations of tidal
encounters in general relativistic gravity, for example, those of
Haas et al. (2012) and Cheng & Evans (2013), indicate that if
the pericenter distances rp ∼ rs, relativistic precession becomes
extremely important and free-particle trajectories deviate sub-
stantially from Newtonian trajectories. We expect, therefore,
that encounters with rp ! rISCO will experience strong general
relativistic corrections to the orbital motion of tidal debris. The
result is likely to be prompt swallowing of the bulk of the tidal
debris rather than circularization and a prolonged accretion flare.
For that reason we will use rISCO as a point of comparison for
determining when stars are captured whole or produce a tidal
disruption flare in this paper (as suggested, e.g., in Chapter 6 of
Merritt 2013). Future simulations of these extreme encounters
will help distinguish where the exact cutoff between capture and
flaring lies.

2.2. Tidal Stripping in an Eccentric Orbit

From an eccentric orbit, if e < ecrit (Equation (2)), all of
the debris of tidal disruption is bound to the MBH (Amaro-
Seoane et al. 2012; Hayasaki et al. 2013; Dai et al. 2013b). If
it is only partially disrupted, the remnant itself will return for
further passages around the MBH and perhaps additional mass-
loss episodes (Zalamea et al. 2010). We explore the nature of the
accretion that results from the progressive tidal stripping of a
WD in this section. In Sections 3 and 4, we will elaborate on the
stellar dynamical processes that can lead a WD to be captured
into such an orbit.
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Figure 7. Rates of different interaction channels per galaxy, Ṅgal, as a function
of Mbh. The black line is the disruption of sunlike stars. Blue is the disruption of
WDs, and green is the capture of WDs by split binaries into inspiralling orbits.
Top: The disruption of MS stars per galactic center greatly outnumbers that of
WDs. WD disruptions peak at lower Mbh and are consumed whole by MBHs
with masses Mbh ! 105 M⊙. Repeating flares extend to slightly higher Mbh
because they are disrupted progressively with pericenter distances moderately
outside the tidal radius. Bottom: When weighted by their relative luminosities,
disruptions of WDs appear more commonly than disruptions of MS stars. This
panel is normalized to the MS value and assumes similar fbeam for all classes
of events. Repeating flares are also quite luminous, but their relative rarity
implies that they should make only a fractional contribution to the population
of relativistic MS disruptions.
(A color version of this figure is available in the online journal.)

MS disruptions significantly outnumber WD disruptions and
mass transfer interactions. In the upper panel of Figure 7, we
compare the rate of MS star tidal disruptions with that of WD
tidal disruptions and with repeating flares resulting from mass
transfer from captured WDs. The disruption rates of stars and
binaries are computed by integrating the flux into the loss cone
given the cluster properties outlined in 3, Equation (16). In the
case of repeating transients, our disruption rate calculation is
supplemented by the Monte Carlo simulation that traces orbits
to the onset of mass transfer, described in Section 4. To compute
the values shown in the figure, we assume a binary fraction
of fbin = 0.1 and a WD fraction of fwd = 0.1 that applies
both within the cluster and within binaries. We represent the
remaining stars as MS stars that are sunlike, with R∗ = R⊙ and
M∗ = M⊙.

WD interactions display a cutoff in MBH mass where most
events transition from producing flares (if rp ! rISCO ≈ 4rs) to
being consumption events with little or no electromagnetic sig-
nature. For the 0.5 M⊙ WDs plotted, this cutoff occurs at black
hole masses very near 105 M⊙. Interestingly, the progressive
disruption of WDs in eccentric orbits extends to slightly higher
MBH masses, since the WD is disrupted gradually, over a num-
ber of orbits, without actually penetrating all the way to the tidal

radius. These limits in black hole mass are flexible depending on
the spin parameter and orientation of the MBH’s spin, since the
general relativistic geodesic deviates substantially from a New-
tonian trajectory in such deeply penetrating encounters (Kesden
2012). If oriented correctly with respect to a maximally rotating
Kerr hole, a 0.5 M⊙ WD could, marginally, be disrupted by a
106 M⊙ black hole. A realistic spectrum of WD masses would
also contribute to softening this transition from flaring to con-
sumption. While the lowest mass WDs are expected to be rare in
nuclear clusters because of the effects of mass segregation (e.g.,
Alexander 2005), they are less dense than their more massive
counterparts and could be disrupted by slightly more MBHs.
For example, a 0.1 M⊙ WD could be disrupted by a 3×105 M⊙
black hole.

Although rare, relativistic WD transients significantly out-
shine their main-sequence counterparts (Ramirez-Ruiz &
Rosswog 2009). In the lower panel of Figure 7, we combine
the relative rates of different tidal interactions with their ex-
pected peak luminosities as a function of MBH mass. We allow
the beamed luminosity of all of these jetted transients to trace
the mass supply to the black hole, L ∝ Ṁc2, as in Figure 1 and
assume that the degree of collimation is similar for each of the
different classes of events. Given a population of MBHs with
masses Mbh " 105 M⊙, WD tidal disruptions should be more
easily detected than main-sequence disruptions. Eccentric dis-
ruptions over the course of multiple orbits favor slightly higher
black hole masses. Their rarity compared with single-passage
WD tidal disruptions implies that although they have similar
peak luminosities, they represent a fractional contribution to the
range of detectible events. This result suggests that WD dis-
ruptions, rather than MS disruptions, should serve as the most
telling sign of MBHs with masses less than 105 M⊙. In the fol-
lowing subsection, we discuss how high-energy emission can
be produced in these transients.

5.1. Dissipation and Emission Mechanisms

Internal dissipation leading to a nonthermal spectrum, to
be most effective, must occur when the jet is optically thin.
Otherwise, it will suffer adiabatic cooling before escaping and
could be thermalized (e.g., Ramirez-Ruiz 2005). The comoving
density in the jet propagating with a Lorentz factor Γ is n′ ≈
Lj/(4πr2mpc3Γ2), and using the definition of the Thomson
optical depth in a continuous outflow τj ≈ n′σT(r/Γ) we find
the location of the photosphere

rτ = ṀσT

4πmpcΓ2
= 1013

!
Lj

1049 erg s−1

" !
Γ
10

"−3

cm. (23)

If the value of Γ at the jet base increases by at least a factor 2
over a timescale δt , then the later ejecta will catch up (De Colle
et al. 2012) and dissipate a significant fraction of their kinetic
energy at some distance given by (Rees & Meszaros 1994)

rι ≈ cδtΓ2 = 3 × 1013
!

δt

10 s

" !
Γ
10

"2

cm. (24)

Outside rτ , where radiation has decoupled from the plasma, the
relativistic internal motions in the comoving frame will lead
to shocks in the gas (De Colle et al. 2012). This implies the
following lower limit on

Γ ! Γc = 7.5
!

Lj

1049 erg s−1

"1/5 !
δt

10 s

"−1/5

. (25)
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WD disruptions are a 
factor of ~100x less 
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Figure 7. Rates of different interaction channels per galaxy, Ṅgal, as a function
of Mbh. The black line is the disruption of sunlike stars. Blue is the disruption of
WDs, and green is the capture of WDs by split binaries into inspiralling orbits.
Top: The disruption of MS stars per galactic center greatly outnumbers that of
WDs. WD disruptions peak at lower Mbh and are consumed whole by MBHs
with masses Mbh ! 105 M⊙. Repeating flares extend to slightly higher Mbh
because they are disrupted progressively with pericenter distances moderately
outside the tidal radius. Bottom: When weighted by their relative luminosities,
disruptions of WDs appear more commonly than disruptions of MS stars. This
panel is normalized to the MS value and assumes similar fbeam for all classes
of events. Repeating flares are also quite luminous, but their relative rarity
implies that they should make only a fractional contribution to the population
of relativistic MS disruptions.
(A color version of this figure is available in the online journal.)

MS disruptions significantly outnumber WD disruptions and
mass transfer interactions. In the upper panel of Figure 7, we
compare the rate of MS star tidal disruptions with that of WD
tidal disruptions and with repeating flares resulting from mass
transfer from captured WDs. The disruption rates of stars and
binaries are computed by integrating the flux into the loss cone
given the cluster properties outlined in 3, Equation (16). In the
case of repeating transients, our disruption rate calculation is
supplemented by the Monte Carlo simulation that traces orbits
to the onset of mass transfer, described in Section 4. To compute
the values shown in the figure, we assume a binary fraction
of fbin = 0.1 and a WD fraction of fwd = 0.1 that applies
both within the cluster and within binaries. We represent the
remaining stars as MS stars that are sunlike, with R∗ = R⊙ and
M∗ = M⊙.

WD interactions display a cutoff in MBH mass where most
events transition from producing flares (if rp ! rISCO ≈ 4rs) to
being consumption events with little or no electromagnetic sig-
nature. For the 0.5 M⊙ WDs plotted, this cutoff occurs at black
hole masses very near 105 M⊙. Interestingly, the progressive
disruption of WDs in eccentric orbits extends to slightly higher
MBH masses, since the WD is disrupted gradually, over a num-
ber of orbits, without actually penetrating all the way to the tidal

radius. These limits in black hole mass are flexible depending on
the spin parameter and orientation of the MBH’s spin, since the
general relativistic geodesic deviates substantially from a New-
tonian trajectory in such deeply penetrating encounters (Kesden
2012). If oriented correctly with respect to a maximally rotating
Kerr hole, a 0.5 M⊙ WD could, marginally, be disrupted by a
106 M⊙ black hole. A realistic spectrum of WD masses would
also contribute to softening this transition from flaring to con-
sumption. While the lowest mass WDs are expected to be rare in
nuclear clusters because of the effects of mass segregation (e.g.,
Alexander 2005), they are less dense than their more massive
counterparts and could be disrupted by slightly more MBHs.
For example, a 0.1 M⊙ WD could be disrupted by a 3×105 M⊙
black hole.

Although rare, relativistic WD transients significantly out-
shine their main-sequence counterparts (Ramirez-Ruiz &
Rosswog 2009). In the lower panel of Figure 7, we combine
the relative rates of different tidal interactions with their ex-
pected peak luminosities as a function of MBH mass. We allow
the beamed luminosity of all of these jetted transients to trace
the mass supply to the black hole, L ∝ Ṁc2, as in Figure 1 and
assume that the degree of collimation is similar for each of the
different classes of events. Given a population of MBHs with
masses Mbh " 105 M⊙, WD tidal disruptions should be more
easily detected than main-sequence disruptions. Eccentric dis-
ruptions over the course of multiple orbits favor slightly higher
black hole masses. Their rarity compared with single-passage
WD tidal disruptions implies that although they have similar
peak luminosities, they represent a fractional contribution to the
range of detectible events. This result suggests that WD dis-
ruptions, rather than MS disruptions, should serve as the most
telling sign of MBHs with masses less than 105 M⊙. In the fol-
lowing subsection, we discuss how high-energy emission can
be produced in these transients.

5.1. Dissipation and Emission Mechanisms

Internal dissipation leading to a nonthermal spectrum, to
be most effective, must occur when the jet is optically thin.
Otherwise, it will suffer adiabatic cooling before escaping and
could be thermalized (e.g., Ramirez-Ruiz 2005). The comoving
density in the jet propagating with a Lorentz factor Γ is n′ ≈
Lj/(4πr2mpc3Γ2), and using the definition of the Thomson
optical depth in a continuous outflow τj ≈ n′σT(r/Γ) we find
the location of the photosphere

rτ = ṀσT

4πmpcΓ2
= 1013

!
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1049 erg s−1
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If the value of Γ at the jet base increases by at least a factor 2
over a timescale δt , then the later ejecta will catch up (De Colle
et al. 2012) and dissipate a significant fraction of their kinetic
energy at some distance given by (Rees & Meszaros 1994)

rι ≈ cδtΓ2 = 3 × 1013
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Outside rτ , where radiation has decoupled from the plasma, the
relativistic internal motions in the comoving frame will lead
to shocks in the gas (De Colle et al. 2012). This implies the
following lower limit on
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Figure 7. Rates of different interaction channels per galaxy, Ṅgal, as a function
of Mbh. The black line is the disruption of sunlike stars. Blue is the disruption of
WDs, and green is the capture of WDs by split binaries into inspiralling orbits.
Top: The disruption of MS stars per galactic center greatly outnumbers that of
WDs. WD disruptions peak at lower Mbh and are consumed whole by MBHs
with masses Mbh ! 105 M⊙. Repeating flares extend to slightly higher Mbh
because they are disrupted progressively with pericenter distances moderately
outside the tidal radius. Bottom: When weighted by their relative luminosities,
disruptions of WDs appear more commonly than disruptions of MS stars. This
panel is normalized to the MS value and assumes similar fbeam for all classes
of events. Repeating flares are also quite luminous, but their relative rarity
implies that they should make only a fractional contribution to the population
of relativistic MS disruptions.
(A color version of this figure is available in the online journal.)

MS disruptions significantly outnumber WD disruptions and
mass transfer interactions. In the upper panel of Figure 7, we
compare the rate of MS star tidal disruptions with that of WD
tidal disruptions and with repeating flares resulting from mass
transfer from captured WDs. The disruption rates of stars and
binaries are computed by integrating the flux into the loss cone
given the cluster properties outlined in 3, Equation (16). In the
case of repeating transients, our disruption rate calculation is
supplemented by the Monte Carlo simulation that traces orbits
to the onset of mass transfer, described in Section 4. To compute
the values shown in the figure, we assume a binary fraction
of fbin = 0.1 and a WD fraction of fwd = 0.1 that applies
both within the cluster and within binaries. We represent the
remaining stars as MS stars that are sunlike, with R∗ = R⊙ and
M∗ = M⊙.

WD interactions display a cutoff in MBH mass where most
events transition from producing flares (if rp ! rISCO ≈ 4rs) to
being consumption events with little or no electromagnetic sig-
nature. For the 0.5 M⊙ WDs plotted, this cutoff occurs at black
hole masses very near 105 M⊙. Interestingly, the progressive
disruption of WDs in eccentric orbits extends to slightly higher
MBH masses, since the WD is disrupted gradually, over a num-
ber of orbits, without actually penetrating all the way to the tidal

radius. These limits in black hole mass are flexible depending on
the spin parameter and orientation of the MBH’s spin, since the
general relativistic geodesic deviates substantially from a New-
tonian trajectory in such deeply penetrating encounters (Kesden
2012). If oriented correctly with respect to a maximally rotating
Kerr hole, a 0.5 M⊙ WD could, marginally, be disrupted by a
106 M⊙ black hole. A realistic spectrum of WD masses would
also contribute to softening this transition from flaring to con-
sumption. While the lowest mass WDs are expected to be rare in
nuclear clusters because of the effects of mass segregation (e.g.,
Alexander 2005), they are less dense than their more massive
counterparts and could be disrupted by slightly more MBHs.
For example, a 0.1 M⊙ WD could be disrupted by a 3×105 M⊙
black hole.

Although rare, relativistic WD transients significantly out-
shine their main-sequence counterparts (Ramirez-Ruiz &
Rosswog 2009). In the lower panel of Figure 7, we combine
the relative rates of different tidal interactions with their ex-
pected peak luminosities as a function of MBH mass. We allow
the beamed luminosity of all of these jetted transients to trace
the mass supply to the black hole, L ∝ Ṁc2, as in Figure 1 and
assume that the degree of collimation is similar for each of the
different classes of events. Given a population of MBHs with
masses Mbh " 105 M⊙, WD tidal disruptions should be more
easily detected than main-sequence disruptions. Eccentric dis-
ruptions over the course of multiple orbits favor slightly higher
black hole masses. Their rarity compared with single-passage
WD tidal disruptions implies that although they have similar
peak luminosities, they represent a fractional contribution to the
range of detectible events. This result suggests that WD dis-
ruptions, rather than MS disruptions, should serve as the most
telling sign of MBHs with masses less than 105 M⊙. In the fol-
lowing subsection, we discuss how high-energy emission can
be produced in these transients.

5.1. Dissipation and Emission Mechanisms

Internal dissipation leading to a nonthermal spectrum, to
be most effective, must occur when the jet is optically thin.
Otherwise, it will suffer adiabatic cooling before escaping and
could be thermalized (e.g., Ramirez-Ruiz 2005). The comoving
density in the jet propagating with a Lorentz factor Γ is n′ ≈
Lj/(4πr2mpc3Γ2), and using the definition of the Thomson
optical depth in a continuous outflow τj ≈ n′σT(r/Γ) we find
the location of the photosphere

rτ = ṀσT

4πmpcΓ2
= 1013

!
Lj

1049 erg s−1

" !
Γ
10

"−3

cm. (23)

If the value of Γ at the jet base increases by at least a factor 2
over a timescale δt , then the later ejecta will catch up (De Colle
et al. 2012) and dissipate a significant fraction of their kinetic
energy at some distance given by (Rees & Meszaros 1994)

rι ≈ cδtΓ2 = 3 × 1013
!

δt

10 s

" !
Γ
10

"2

cm. (24)

Outside rτ , where radiation has decoupled from the plasma, the
relativistic internal motions in the comoving frame will lead
to shocks in the gas (De Colle et al. 2012). This implies the
following lower limit on

Γ ! Γc = 7.5
!

Lj

1049 erg s−1

"1/5 !
δt

10 s

"−1/5

. (25)
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Figure 7. Rates of different interaction channels per galaxy, Ṅgal, as a function
of Mbh. The black line is the disruption of sunlike stars. Blue is the disruption of
WDs, and green is the capture of WDs by split binaries into inspiralling orbits.
Top: The disruption of MS stars per galactic center greatly outnumbers that of
WDs. WD disruptions peak at lower Mbh and are consumed whole by MBHs
with masses Mbh ! 105 M⊙. Repeating flares extend to slightly higher Mbh
because they are disrupted progressively with pericenter distances moderately
outside the tidal radius. Bottom: When weighted by their relative luminosities,
disruptions of WDs appear more commonly than disruptions of MS stars. This
panel is normalized to the MS value and assumes similar fbeam for all classes
of events. Repeating flares are also quite luminous, but their relative rarity
implies that they should make only a fractional contribution to the population
of relativistic MS disruptions.
(A color version of this figure is available in the online journal.)
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transfer from captured WDs. The disruption rates of stars and
binaries are computed by integrating the flux into the loss cone
given the cluster properties outlined in 3, Equation (16). In the
case of repeating transients, our disruption rate calculation is
supplemented by the Monte Carlo simulation that traces orbits
to the onset of mass transfer, described in Section 4. To compute
the values shown in the figure, we assume a binary fraction
of fbin = 0.1 and a WD fraction of fwd = 0.1 that applies
both within the cluster and within binaries. We represent the
remaining stars as MS stars that are sunlike, with R∗ = R⊙ and
M∗ = M⊙.

WD interactions display a cutoff in MBH mass where most
events transition from producing flares (if rp ! rISCO ≈ 4rs) to
being consumption events with little or no electromagnetic sig-
nature. For the 0.5 M⊙ WDs plotted, this cutoff occurs at black
hole masses very near 105 M⊙. Interestingly, the progressive
disruption of WDs in eccentric orbits extends to slightly higher
MBH masses, since the WD is disrupted gradually, over a num-
ber of orbits, without actually penetrating all the way to the tidal

radius. These limits in black hole mass are flexible depending on
the spin parameter and orientation of the MBH’s spin, since the
general relativistic geodesic deviates substantially from a New-
tonian trajectory in such deeply penetrating encounters (Kesden
2012). If oriented correctly with respect to a maximally rotating
Kerr hole, a 0.5 M⊙ WD could, marginally, be disrupted by a
106 M⊙ black hole. A realistic spectrum of WD masses would
also contribute to softening this transition from flaring to con-
sumption. While the lowest mass WDs are expected to be rare in
nuclear clusters because of the effects of mass segregation (e.g.,
Alexander 2005), they are less dense than their more massive
counterparts and could be disrupted by slightly more MBHs.
For example, a 0.1 M⊙ WD could be disrupted by a 3×105 M⊙
black hole.

Although rare, relativistic WD transients significantly out-
shine their main-sequence counterparts (Ramirez-Ruiz &
Rosswog 2009). In the lower panel of Figure 7, we combine
the relative rates of different tidal interactions with their ex-
pected peak luminosities as a function of MBH mass. We allow
the beamed luminosity of all of these jetted transients to trace
the mass supply to the black hole, L ∝ Ṁc2, as in Figure 1 and
assume that the degree of collimation is similar for each of the
different classes of events. Given a population of MBHs with
masses Mbh " 105 M⊙, WD tidal disruptions should be more
easily detected than main-sequence disruptions. Eccentric dis-
ruptions over the course of multiple orbits favor slightly higher
black hole masses. Their rarity compared with single-passage
WD tidal disruptions implies that although they have similar
peak luminosities, they represent a fractional contribution to the
range of detectible events. This result suggests that WD dis-
ruptions, rather than MS disruptions, should serve as the most
telling sign of MBHs with masses less than 105 M⊙. In the fol-
lowing subsection, we discuss how high-energy emission can
be produced in these transients.

5.1. Dissipation and Emission Mechanisms

Internal dissipation leading to a nonthermal spectrum, to
be most effective, must occur when the jet is optically thin.
Otherwise, it will suffer adiabatic cooling before escaping and
could be thermalized (e.g., Ramirez-Ruiz 2005). The comoving
density in the jet propagating with a Lorentz factor Γ is n′ ≈
Lj/(4πr2mpc3Γ2), and using the definition of the Thomson
optical depth in a continuous outflow τj ≈ n′σT(r/Γ) we find
the location of the photosphere
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If the value of Γ at the jet base increases by at least a factor 2
over a timescale δt , then the later ejecta will catch up (De Colle
et al. 2012) and dissipate a significant fraction of their kinetic
energy at some distance given by (Rees & Meszaros 1994)
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Outside rτ , where radiation has decoupled from the plasma, the
relativistic internal motions in the comoving frame will lead
to shocks in the gas (De Colle et al. 2012). This implies the
following lower limit on
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Optical counterpart: thermonuclear transient
Hydrodynamics of WD compression

White Dwarf Tidal Disruption 5

Fig. 1.— Contours of density distribution in the orbital plane
during a close passage of a WD past a MBH. The top panel shows a
� = 3 encounter, while the lower panel shows and � = 4 encounter.
The colors represent di↵erent times, while the contours from thin
to thick are at densities of log ⇢ =1, 3, 5 g cm�3. Compression is
more severe and rapid in the � = 4 encounter, and the disrupted
star rebounds more rapidly. This e↵ect can, in particular, be traced
by the location and size of the log ⇢ =5 g cm�3 contour. To do:
Add text labels to plots, join into one shared set of axes.
Make BH size realistic, add dotted line for COM motion.

Fig. 2.— Dissection of the tidal compression along and perpen-
dicular to the major axes of the disrupting star. Two figures: 1,
time series of slices along the major axis showing shifting point of
maximum compression (and maybe in-plane velocities??). (with
beta=3,4 panels) 2, Cuts perpendicular to the major axis?

Density slice along major axis,!
 perpendicular to orbital plane rp = rt/3
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Figure 14. Importance of the central black hole’s mass in determining the behavior of a 0.2 M⊙ white dwarf passing within β = 5 (same simulations as referred to
in Figure 13). The evolution of the compressed, and tidally disrupted white dwarf in the ρ–T plane. The hottest 10% of the particles are identified and their average
temperature (in units of 106 K) is plotted as a function of their average density (in cgs units). These trajectories always start cold and dense (right lower corner) and
become hot and during the black hole flyby. If the timescale on which the white dwarf can react (dynamical timescale tG) is longer than the burning timescale (tb, see
Equation (18)), the star cannot expand rapidly enough to quench burning.
(A color version of this figure is available in the online journal.)

Figure 15. Energy generated in nuclear burning (in units of the star’s binding energy) as a function of time (same simulations as referred to in Figures 13 and 14).
Here time is measured in units of the dynamical timescale (tG) of the initial 0.2 M⊙ white dwarf. In addition, the time axis has been shifted so that the maximum Eb
occurs at t = 0.
(A color version of this figure is available in the online journal.)
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LISA will be able to detect gravitational waves of amplitude
h ∼ 10−21 for burst sources in the frequency range f ∼ 10−4

to 10−1Hz (Danzmann 2003). Gravitational waves from white
dwarf stellar disruption could thus be detectable if Mwd !
0.4 M⊙ and the source distance D " 10 kpc (Figure 20).

The gravitational wave amplitudes h+ and h× shown in
Figure 21 are calculated in the quadrupole approximation. The
reduced quadrupole moments can be written in terms of the
SPH-particle properties (Centrella & McMillan 1993)
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The second time derivatives, Ïjk , can then be expressed in terms
of the particle properties by simple, direct differentiation. The
retarded gravitational wave amplitudes for a distant observer

(Rosswog+ 2009)
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Fig. 3.— Visualization of the unbound remanent of the white
dwarf tidal disruption event. Blue shading illustrates the density
structure, while the red contour shows the iron group element dis-
tribution.

Fig. 4.— Bolometric light curve of the model as observed from
di↵erent viewing angles.
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Figure 14. Importance of the central black hole’s mass in determining the behavior of a 0.2 M⊙ white dwarf passing within β = 5 (same simulations as referred to
in Figure 13). The evolution of the compressed, and tidally disrupted white dwarf in the ρ–T plane. The hottest 10% of the particles are identified and their average
temperature (in units of 106 K) is plotted as a function of their average density (in cgs units). These trajectories always start cold and dense (right lower corner) and
become hot and during the black hole flyby. If the timescale on which the white dwarf can react (dynamical timescale tG) is longer than the burning timescale (tb, see
Equation (18)), the star cannot expand rapidly enough to quench burning.
(A color version of this figure is available in the online journal.)
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Here time is measured in units of the dynamical timescale (tG) of the initial 0.2 M⊙ white dwarf. In addition, the time axis has been shifted so that the maximum Eb
occurs at t = 0.
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0.4 M⊙ and the source distance D " 10 kpc (Figure 20).

The gravitational wave amplitudes h+ and h× shown in
Figure 21 are calculated in the quadrupole approximation. The
reduced quadrupole moments can be written in terms of the
SPH-particle properties (Centrella & McMillan 1993)

Ijk =
%

i

mi

#
xjixki − 1

3
δjkr

2
i

$
. (21)
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Fig. 3.— Visualization of the unbound remanent of the white
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Figure 8. Luminosity vs. duration adapted from Levan et al. (2014). The
WD+MBH region is the region of peak timescale and luminosity for a range
of WD–MBH single-passage disruptive encounters. In the shaded region, MBH
masses range from 103 to 105 M⊙, while the WD masses plotted are 0.25–1 M⊙.
For the GRB and SGR sources, t90 is plotted. If L ∝ Ṁ in the WD disruptions, t90
is a factor of ≈30 greater than tpeak. The timescales and durations of WD–MBH
interactions are well removed from typical long GRBs, but coincide with those of
the emerging class of ultralong GRBs, such as GRB 101225A, GRB 111209A,
and GRB 121027A.
(A color version of this figure is available in the online journal.)

and nonthermal spectra reminiscent of relativistically beamed
emission. At times greater than 104 s, all of these bursts
exhibit luminosities that are more than a factor of 100 higher
than typical long GRBs. Astrometrically, the two bursts for
which data is available (GRB 101225A and GRB 111209A) are
coincident with their host galaxy’s nuclear regions, suggesting
compatibility with the idea that these transients originated
through interaction with a central MBH. However, it is worth
noting that if these events are associated with dwarf or satellite
galaxies, they might appear offset from a more luminous central
galaxy despite being coincident with the central regions of a
fainter host, a clear-cut example being the transient source
HLX-1 (Farrell et al. 2009). Jonker et al. (2013) discuss a
long-duration X-ray transient, XRT 000519, with a faint optical
counterpart and quasiperiodic precursor emission. The source is
located near M86. If it is at the distance of M86, the luminosity
is similar to the Eddington limit of a 104 M⊙ MBH. If it is,
instead, a background object, the emission could be beamed
and have a luminosity of up to ∼1048 erg s−1.

Might such events be tidal disruptions of WDs by MBHs?
Further evidence is certainly needed to ascertain the origin
of these bursts, but the properties, including luminosities and
decay timescales, are in line with those we have reviewed for
disruptions of WDs by MBHs. Figure 8 augments the phase
space diagram of Levan et al. (2014), showing characteristic
luminosities and decay times for single-passage tidal disruptions
of WDs and MBHs (blue shaded region). In Figure 8, we plot
the peak timescale and luminosity of peak for the disruptions,
for MBH masses from 103 to 105 M⊙ and for WD masses of
0.25–1 M⊙. Other relevant timescales include tEdd, the time
above the MBH’s Eddington limit, plotted in Figure 2, and t90,
as plotted for the GRB and soft gamma-ray repeater (SGR)
sources, which is a factor of ≈30 greater than tpeak.

The peaks in the light curve of Swift J1644+57 (e.g., Saxton
et al. 2012) have been associated with periodic spikes in the mass
supply from a gradually disrupting WD in an eccentric orbit by
Krolik & Piran (2011). The suggested repetition time is P ∼
5 × 104 s (Krolik & Piran 2011). In our Mbh = 105 M⊙, Mwd =
0.5 M⊙ example of Figure 6, ∼40% of the captured population
initiates mass transfer with orbital periods 104 s < P < 105 s;

thus, reproducing this repetition time does seem to be possible.
Our inspiral simulations suggest that such repeating encounters
are approximately an order of magnitude less common than their
single-passage WD-disruption counterparts. More importantly
for determining the origin of Swift J1644+57, by comparison
with Figure 7 we expect that repeating encounters with these
sorts of repetition times would be detected at ∼10% the
rate of jetted MS disruptions from these same MBH masses.
However, single-passage WD disruptions, repeating encounters,
and MS disruptions each originate from a different range of
characteristic MBH masses (as shown in the lower panel of
Figure 7). If there is a strong cutoff in the low end of the MBH
mass function, we might expect this to truncate one class of
events but not another.

One remaining mystery is the shape of the light curve of Swift
J1644+57 during the plateau phase. Variability could originate
in modulated mass transfer (Krolik & Piran 2011) or from the
accretion flow and jet column itself, as described in Section 5
(and by De Colle et al. 2012). If the jetted luminosity traces
the mass accretion rate, L ∝ Ṁc2, as we have assumed here,
we would expect the peaks in Swift J1644+57’s light curve
to trace the exponentiating mass loss from the WD instead of
the observed plateau. If, however, this simplifying assumption
proves incorrect (or incomplete), it does appear to be possible
to produce events with plateau and super-Eddington timescales
comparable to Swift J1644+57 with multipassage disruptions
of WDs. Detailed simulations of disk assembly in multipassage
encounters offer perhaps the best hope to further constrain the
electromagnetic signatures of these events.

In WD disruptions, the jetted component is significantly more
luminous than the Eddington-limited accretion disk component
(about 1000 times more so than in the main-sequence case; De
Colle et al. 2012; Guillochon & Ramirez-Ruiz 2013), and thus
we have pursued the beamed high-energy signatures of these
events in this paper. With the advent of LSST, however, detecting
the corresponding disk emission signatures may become more
promising. In a fraction of events that pass well within the tidal
radius (e.g., Carter & Luminet 1982; Guillochon et al. 2009),
a detonation might be ignited upon compression of the WD
(Luminet & Pichon 1989; Rosswog et al. 2009; Haas et al.
2012; Shcherbakov et al. 2013). In this scenario, maximum
tidal compression can cause the shocked WD material to exceed
the threshold for pycnonuclear reactions so that thermonuclear
runaway ensues (Holcomb et al. 2013). The critical β appears
to be !3 (Rosswog et al. 2009), so perhaps "1/3 of the
high-energy transients plotted in Figure 8 are expected to be
accompanied by an optical counterpart in the form of an atypical
Type I supernova.

Robustly separating ultralong GRBs into core collapse and
tidal disruption alternatives remains a challenge (see, e.g.,
Gendre et al. 2013; Boer et al. 2013; Stratta et al. 2013; Yu et al.
2013; Levan et al. 2014; Zhang et al. 2014; Piro et al. 2014).
The central engines of ultralong GRBs are essentially masked by
high-energy emission with largely featureless spectra, revealing
little more than the basic energetics of the relativistic outflow
(Levan et al. 2014). Several distinguishing characteristics are,
however, available. Variability timescales should be different
(as they would be associated with compact objects of very
different mass, see Section 5). Significantly, the evolution of
the prompt and afterglow emission at high energy and at
radio wavelengths would be expected to deviate from that of
a canonical impulsive blast wave in tidal disruption events due
to long-term energy injection from the central engine (De Colle
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properties to other thermonuclear SNe
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Fig. 5.— Absolute magnitude versus ∆m15 for a variety of SN in the B band (left panel) and R band (right panel). Normal SN Ia are
represented by a black line and shaded region. SN 1991bg-like SN Ia are shown in dark blue, SN Iax are shown in light blue, SN Ib/Ic are
shown in red, SN 2005E is shown in black, and SN 2002bj, SN 2010X, SN 1885A, SN 1939B and SN 2005ek are shown in green. SN 2005ek is
highlighted by a star. Note the observations obtained for SN 1885A are actually closer to modern day V-band. Objects plotted in Figure 4
are labeled.

SN2002bj (Poznanski et al. 2010; colored squares),
SN 1885A (de Vaucouleurs & Corwin 1985; Perets et al.
2011; plus signs), and SN1939B (Leibundgut et al. 1991;
Perets et al. 2011; asterisks).
From Figure 4 it is clear that SN 2005ek is an outlier

even among rapid Type I supernovae, decaying by ! 3
mag in 15 days and showing an unusually linear decline
immediately post-maximum. However, our final r′ and i′

detections do show evidence for a change in slope around
20–30 days post-maximum. We can place an upper limit
of ∼ 0.029 mag day−1 on the late-time i′-band slope
of SN 2005ek by comparing the two P200 i′ detections.
Both the timing of this transition and the late-time slope
are comparable to those of the other rapid SN I plotted
in Figure 4, although SN2005ek decays by 1–2 mag more
before settling onto this late-time tail.
Basic properties for the BV RIJHK bands are given

in Table 5. We find the R-band peak epoch by fit-
ting a low-order polynomial to the P60 R-band light
curve supplemented with the Lick unfiltered photom-
etry (which most closely mimics and is calibrated to
the R band; Li et al. 2003). This yields a peak epoch
(MJD) of 53639.9 ± 0.3 day. Unless otherwise noted,
all phases throughout this paper are in reference to R-
band maximum. After correcting for distance and red-
dening we derive peak absolute BV RI magnitudes rang-
ing from −16.72 ± 0.15 (B band) to −17.38 ± 0.15 (I
band). This places SN 2005ek at a peak optical mag-
nitude very similar to SN2010X and ∼ 1.5 mag below
SN2002bj, SN 1885A, and SN 1939B. In the right panel
of Figure 4 we compare the absolute R-band light curves
of SN 2005ek, SN2010X, and SN2002bj.
In order to quantify the rapid decline of SN2005ek we

calculate the time over which the magnitude declines by
a factor of e−1 (τe), the number of magnitudes the light
curve declines in the first 15 days past maximum (∆m15),

and the linear decline rate in magnitudes per day. The
first two quantities are calculated by linearly interpo-
lating our data, and are measured with respect to the
observed peak magnitude/date. The decline rates are es-
timated from linear least-square fits to the data between
+2 and +16 days. Uncertainties for all properties listed
in Table 5 were estimated using a Monte Carlo technique
to produce and analyze 1000 realizations of our data20.
Our best constraint on the rise time of SN2005ek

comes from the nondetection in a LOSS search image ob-
tained on Sep. 18.5 (only ∼ 9 days before the observed
R-band maximum). Despite this relatively short time
frame, the upper limit of ∼ 19 mag only moderately con-
strains the explosion epoch (Figure 2). We can infer that
SN2005ek rose slightly faster than its initial decline.
One of the most distinctive features of SN Ia is the tight

correlation between light-curve peak magnitude and de-
cay rate. This is in stark contrast to SN Ib/Ic, which
have been shown to fill a large portion of this parameter
space (Drout et al. 2011). In Figure 5 we plot peak ab-
solute magnitude versus ∆m15 for SN2005ek and other
supernovae of Type I.
The left panel of Figure 5 displays these values as

measured in the B band, which allows for a compar-
ison with the well-studied Phillips (1993) relation for
normal SN Ia (Phillips et al. 1999; grey shaded region
and solid black line) and the steeper relation found by
Taubenberger et al. (2008) (dark blue points and dashed
black line) for “fast” SN Ia, as well as SN 1939B. Also
shown in this panel are the literature sample of SN Ib/Ic
from Drout et al. (2011) (red points), the SN Iax sample
from Foley et al. (2013) (light blue points), and several
other peculiar Type I events. The right panel, measured

20 Each data point in each realization is a random variable chosen
from a normal distribution with a mean and variance determined
by its counterpart in our initial data set.

e.g. Phillips (1993) Width-
Luminosity relation

(Drout+ 2013)
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by 0.1% in the most extreme cases. In addition, we assumed that
the ionized gas remains in photoionization equilibrium during
the 4000 days probed by our models. This requires that the
density of the gas and flux of ionizing radiation change on
timescales greater than the recombination time trec ∼ (neαrec)−1

of the ions of interest. Since the cloud consists mostly of carbon
and oxygen, there are many electrons per ion, which keeps the
electron density reasonably large even at late times when the
density of the debris cloud is low. Furthermore, the range of
conditions encountered in the models yielded O iv, O iii, O ii,
C iv, and C iii recombination coefficients that, in combination
with the electron density, kept the recombination time well
below the timescales on which the conditions in the wedge of
unbound debris changed (the ranges of recombination rates are
6.7 × 10−7–1.9 s−1, 1.3 × 10−7–0.52 s−1, 4.4 × 10−8–0.15 s−1,
1.3 × 10−7–0.97 s−1, and 3.8 × 10−7–0.98 s−1 for the above
ions at the lowest and highest electron densities, respectively).
Therefore, the cloud can remain in photoionization equilibrium
for over 10 yr.

3.2. Line Profiles

Combining the dynamical and photoionization models allows
us to calculate the observed profile of the emission lines in the
[O iii] λλ4959, 5007 doublet. The dynamical model we have
adopted gives us an analytic expression for the velocity of the
material along the illuminated edge of the debris cloud (ℓ) in
the orbital plane, vR(φ) ∼ vp cot(φ/2). This is the dominant
component of the debris cloud’s velocity, so we neglected the
motion of the material perpendicular to the orbital plane, which
is smaller by a factor of RWD/Rp (SQ09). The velocity was
projected onto the observer’s line of sight, which is defined by
i0 and θ0, the angles between the line of sight and the orbital
plane and the pericenter direction, respectively. Figure 1 shows
the i0 = θ0 = 0 axis. We interpolated the [O iii] λ5007 flux
computed in our photoionization models along the ℓ-curve to
determine the restframe flux at each velocity along ℓ. We took
the flux at 4959 Å to be one-third of this value. We considered
Doppler boosting of this emissivity, but the effect is insignificant
at most points along the arc and produces a maximal change of
1.2%. Finally, at each point, we took into account the relativistic
Doppler shift, the gravitational redshift, and local broadening.
We found that the gravitational redshift was negligible in all
of our models. The local broadening was assumed to have a
Gaussian profile and included terms for the thermal motions
of the gas, the range of velocities within each bin along the
ℓ-curve, and the range of velocities in the ionized skin, along h⃗.
Since the conditions along the ℓ-curve varied significantly, each
source of local broadening considered in our models dominates
in a different portion of the illuminated face of the cloud at any
given time. Furthermore, the conditions in the unbound debris
change substantially over time, so the dominant source of local
broadening in a given portion of the debris cloud also changes
over time. In the next section, we discuss the results of the
photoionization and emission-line profile calculations.

3.3. Results

Our photoionization calculations predict an emission-line
spectrum that is dominated by lines from carbon and oxygen.
The light curves of some of the strongest emission lines are
shown in Figure 5 and the luminosities of the six strongest
features at two different times are listed in Table 2. The values
given in Figure 5 and Table 2 are from calculations preformed

Figure 5. Light curves of five of the strongest emission lines. These light
curves come from dynamical model C and were calculated using the multicolor
blackbody plus X-ray power-law SED. The dotted portion of each curve shows
the line luminosity while the fallback rate is super-Eddington and our model
is uncertain. The dashed line illustrates the t−5/3 dependence of the mass
fallback rate. The normalization of the dashed line is arbitrary and is shown
for comparison with the slopes of the emission-line light curves.

with the multicolor blackbody plus X-ray power-law SED,
but calculations with the multicolor blackbody SED produced
similar results because the ionization state of the gas is largely
determined by the flux of UV photons, which is nearly identical
in these two SEDs. In the case of the multicomponent, empirical
AGN SED, the emission-line luminosities we calculated were
consistent with those calculated using the other two SEDs, only
varying by a factor of ∼2 in the most extreme cases. The
AGN SED has much stronger optical and near-IR continuum
emission, which allows the continuum to outshine the emission
lines, greatly reducing their equivalent widths. However, these
results indicate that heating of the free electrons in the unbound
material by IR radiation from the IMBH-accretion disk system
does not have a strong effect on the emission-line luminosities.
Thus, the main difference between the results from the AGN
SED and the other two cases is that the optical continuum
is higher and equivalent widths of the optical emission lines
are lower, even though their luminosities are approximately
the same. Our discussion will focus on the spectra predicted
by calculations using the other two SEDs, which are nearly
identical in the optical and UV bands.

For each model with Rp = RT (i.e., models A, C, E,
and F), the UV lines C iv λ1549 and C iii λ977 have the
highest luminosity early on. The luminosities of these and other
permitted lines decline over time. The luminosity of the C iii
λ977 line declines faster than the C iv λ1549 line because of
the reduction in the amount of C iii relative to C iv discussed in
Section 3.1. After 100 days, the [O iii] λ5007, [O iii] λ4363, and
[O ii] λ7325 lines have the largest equivalent widths. These are
forbidden transitions, which are collisionally excited and then
de-excite radiatively as long as the electron density is below the
threshold for collisional de-excitation (i.e., the critical density
for the transition ncr, listed in Table 2 for reference). In the
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Conclusions

WD tidal disruption: an avenue to 
select IMBH-transients!

High energy signatures: jets & beamed 
emission from super-Edd feeding!

Optical counterparts: thermonuclear 
transients in deep encounters!

Multi-wavelength detections as an 
avenue to firmly identify transients

2 Merloni: Cosmological Evolution of SMBH

Fig. 1. The local black hole mass function, plotted as M × φM, in order to highlight the location and height
of the two main peaks. The stellar mass black holes peak has been drawn assuming a log-normal distribution
with mean mass equal to 5 solar masses, width of 0.1 dex and a normalization yielding a density of about
1.1 × 107 M⊙ Mpc−3 (Fukugita & Peebles 2004). The supermassive black hole peak, instead, contribute to
an overall density of about 4.3 × 105 M⊙ Mpc−3 (Merloni & Heinz 2008)

strong role they most likely play in the galaxy
formation process throughout cosmic history.
Indeed, a new paradigm has emerged, accord-
ing to which the feedback energy released by
growing supermassive black holes (i.e. AGN)
limits the stellar mass growth of their host
galaxies in a fundamental, generic, but yet not
fully understood fashion.

The strongest observational evidence for
such a schematic picture emerged in the last
decade. The search for the local QSO relics
via the study of their dynamical influence on
the surrounding stars and gas carried out since
the launch of the Hubble Space Telescope
(see e.g. Richstone et al. 1998; Ferrarese et al.
2008, and references therein) led ultimately
to the discovery of tight scaling relations
between SMBH masses and properties of the
host galaxies’ bulges (Gebhardt et al. 2000;

Ferrarese & Merritt 2000; Tremaine et al.
2002; Marconi & Hunt 2003), clearly pointing
to an early co-eval stage of SMBH and galaxy
growth. A second piece of evidence comes
from X-ray observations of galaxy clusters,
showing that black holes are able to deposit
large amounts of energy into their environment
in response to radiative losses of the cluster
gas. From studies of the cavities, bubbles and
weak shocks generated by the radio emitting
jets in the intra-cluster medium (ICM) it
appears that AGN are energetically able to
balance radiative losses from the ICM in the
majority of cases (see Bı̂rzan et al. 2008, and
references therein).

Nevertheless, the physics of AGN heating
in galaxy cluster is still not well established,
neither have the local scaling relations proved
themselves capable to uniquely determine the

IMBHs???

(Merloni 2008)

Detections or non-detections constrain 
the occurrence of MBHs <105  msun 
surrounded by dense stellar clusters. 

Thank you!


