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two-fluid effects (electrons cooler than ions) can decrease       to  
as little as 20 pc - but still larger than SMBH influence radius Rinf
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Figure 2. Impact of a wind from an SMBH accreting at a super-Eddington
rate on the interstellar gas of the host galaxy: schematic view of the radial
dependence of the gas density ρ, velocity u and temperature T . At the inner
shock, the gas temperature rises strongly while the wind density and velocity,
respectively, increase (decrease) by factors of ∼4. Immediately outside this
(adiabatic) shock, the strong Compton cooling effect of the quasar radiation
severely reduces the temperature, and slows and compresses the wind gas
still further. This cooling region is very narrow compared with the shock
radius (see Fig. 1), and may be observable through the inverse Compton
continuum and lower excitation emission lines. The shocked wind sweeps
up the host ISM as a ‘snowplough’. This is more extended than the cooling
region (cf. Fig. 1), and itself drives an outer shock into the ambient ISM
of the host. Linestyles: red, solid: wind gas density ρ; red, dotted: ISM gas
density ρ; blue, solid: wind gas velocity u; blue, dotted: ISM gas velocity u;
green, solid: wind gas temperature T . The vertical dashed lines denote the
three discontinuities, inner shock, contact discontinuity and outer shock.

to the value

Pram = ρv2 = Ṁv

4πbR2
shock

≃ LEdd

4πbR2
shockc

, (14)

i.e. the pre-shock ram pressure. With a constant cooling time, as
expected, the post-shock temperature and velocity u drop approxi-
mately linearly with distance behind the shock, and the density rises
as 1/u, strongly increasing its emission measure. The gas is likely
to be in photoionization equilibrium as it has low optical depth to
the quasar radiation, and the increased densities imply short recom-
bination times. The mass conservation equation (9) and ionization
parameter (10) combine to give

liu

ξ
= constant (15)

in this region. We thus expect a correlation between velocity and
excitation. The rapid cooling in this region implies a rapid transition
between the immediate post-shock regime (∼v/4, keV excitation)
and the much slower and cooler compressed state. There is direct
observational evidence for this cooling shock in NGC 4051 (Pounds
et al. in preparation). Pounds et al. (2004) had already noted a
correlation of outflow velocity with ionization in this source.

5 DY NA M I C S

Given the basic structure sketched in the last section, we can investi-
gate how the shock pattern moves through the interstellar medium of
the host galaxy. The cooled post-shock gas exerts the ram pressure
(14) on the undisturbed interstellar medium of the galaxy, driving
an outer shock into it and sweeping it up into a relatively dense

shell of increasing mass. The equation of motion of the shell in the
momentum-driven limit is
d
dt

[M(R)Ṙ] + GM(R)[M + Mtot(R)]
R2

= 4πρv2 = LEdd

c
, (16)

where

M(R) = 4π

∫ R

0
ρISMr2dr (17)

is the swept-up interstellar gas mass, M is the black hole mass,
M tot = M(R)/f g is the total mass within radius R (including any
dark matter) and f g is the gas fraction [note that in equation 2
of King (2005), the suffix ‘tot’ was inadvertently missed off the
relevant quantity]. This equation takes different forms depending
on which part of the host galaxy the shell has reached.

5.1 Close to the black hole

Close to the black hole, i.e. within its sphere of influence, of radius

Rinf ≃ GM

σ 2
≃ 17M8σ

−2
200pc, (18)

the black hole dominates the gravitational potential, and there is
essentially no dark matter. Then (16) becomes

d
dt

[M(R)Ṙ] + GM(R)M
R2

= LEdd

c
. (19)

Multiplying through by M(R)Ṙ/GM , we find the first integral

[M(R)Ṙ]2

2GM
= 4π

κ

∫
M(R)dR −

∫
M2(R)

R2
dR. (20)

This equation shows that for any reasonable distribution of matter
M(R), the shell cannot move outwards unless

M(R) ! 4πR2

κ
∼ 2 × 10−4

(
R

Rs

)2

M8 M⊙, (21)

where we have parametrized the radius in units of the Schwarzschild
radius Rs of the black hole, with M8 = M/108 M⊙. The physical
content of (21) is that the Eddington thrust cannot lift the weight of
a more massive shell at the radius R. An equivalent formulation is

τ = M(R)κ
4πR2

! 1, (22)

i.e. the maximum shell mass at a given radius has a Thomson depth
of ∼1.

We see that even relatively small amounts of gas sufficiently close
to the black hole can stall the outflow. However in this case, the gas
from the central Eddington wind would accumulate at the stalled
shock until its own mass violated the limit (21). The equivalent
(22) shows that the inner wind shock would become optically thick
to the quasar radiation, causing multiple scattering and enhancing
the momentum deposition. The post-shock pressure would begin
to exceed Pram by large factors. Unless the black hole had a very
low mass, this enhanced pressure would cause the shell to move out
again. This argument shows that the shell moves so as to keep the
optical depth of the Eddington wind !1, i.e.

Ṁouttκ

4πR2
! 1 (23)

so that

R "
(

Ṁoutκ

4π
t

)1/2

= 5 × 1016ṁ1/2M
1/2
8 t1/2

yr cm (24)

and

Ṙ " 1250ṁ1/2M
1/2
8 t−1/2

yr km s−1. (25)

C⃝ 2009 The Author. Journal compilation C⃝ 2009 RAS, MNRAS 402, 1516–1522
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• typical bulge (formed by mergers) has  

                         is velocity dispersion: `isothermal distribution’ 
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since gas fraction fg is small, gravitating mass inside R
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tot

(R): equation of motion of shell is

where M is the black hole mass

motion of swept-up shell
 total mass (dark, stars, gas) inside radius R of unperturbed bulge is   

                                                                         

but swept-up gas mass 

forces on shell are gravity of mass within R , and wind ram pressure:
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integrate equation of motion by multiplying through by R ˙R: then

R2
˙R2

= �2GMR� 2�2


1� M

M�

�
R2

+ constant

d

dt
(RṘ) +
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remarkably close to observed               relation despite effectively  
no free parameter 
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         SMBH mass grows until  
Eddington thrust expels gas feeding it 

(King, 2003; 2005)

**



shells confined to vicinity 
of BH until M = M�



UFO winds are episodic

X-ray absorption through wind measures column density 
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mp
dr =

Z 1
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Ṁ
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4⇡mpr2v
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NH =
Ṁ

out

4⇡mpRin

v
so

but Rin = vt, where t is time since wind switched o↵

a full Eddington wind from vicinity of SMBH has Thomson 
optical depth of order 1, so that 

a smaller column => inner edge of wind is further from SMBH:

NH ' 1024 cm�2



t
o↵

=
GM

bv3NH�T
' 0.25

M
8

v3
0.1N23

b
yr

Rin

observed X—ray column fixed by inner boundary of flow 

                                                          , using  

so if outflow stopped a time                       ago, we have

Rin

intermittent outflow

recent!

NH =
GM

bv2Rin�T

t
o↵

= R
in

/v

Ṁ
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wind shock is adiabatic: hot postshock gas does PdV work

on surroundings

close to quasar shocked gas cooled by inverse Compton effect 
(momentum-driven flow) 

              

transition to energy-driven flow once                      

but once M > M�, R can exceed RC : wind shock no longer cools

eqn of motion now contains total postshock pressure  P (gas plus ram) 

wind shock always stays near cooling radius: high sound speed ensures 
near-constant pressure in extended region from here to contact  
discontinuity (radius R) with swept-up host gas 

M� reached



Zubovas & King, 
2012a



once  BH grows to                 , shock passes cooling radius 
=> large-scale energy-driven flow

M > M�

Zubovas & King, 
2012a



energy equation is
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200(fc/fg)
1/3 km s�1

using equation of motion to eliminate P from energy equation  
finally determines motion of shell at R  

(King, 2005)



once quasar driving switches o↵ (i.e. LEdd = 0) at R = R0

the velocity decays as

Ṙ2 = 3

✓
v2e +

10

3
�2

◆✓
1

r2
� 2

3r3

◆
� 10

3
�2

where r = R/R0 � 1

numerical solutions show that coasting + decay are attractors -- all  
outflows do this

(King, Zubovas & Power, 2011)
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also for other potentials: Zubovas & King, 2012b
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Ṙ� v
out

=
� + 1

� � 1
=> v

out

=
� + 1

2
Ṙ
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approximate equality
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all molecular outflows  have super-Eddington thrust!

(Zubovas & King, 2012a)



galaxy becomes red and dead



density contrast => energy-driven outflow 
shock may be  Rayleigh-Taylor unstable  

two—phase medium: gamma—rays and molecular emission mixed 

large--scale high speed molecular outflows, e.g. Mrk 231: 
                           

galaxy bulge should produce gamma-ray emission



AGN feedback: Herschel  (molecular outflows) 

M82 

OH H2O 

Contursi+ 2012 



AGN feedback: Herschel  (molecular outflows) 

Mkn 231 

HST, Evans et al 2008 

z = 0.042 

LIR = 3.2 × 1012 L⊙ (70% AGN) 

Type 1 LoBAL AGN 



AGN feedback: Herschel  (molecular outflows) 

Mrk 231 

Mrk 231 

∆v ~ 1,170 km/s 

P-Cygni profile with 
blue-shifted absorption 
and red-shifted emission 

Fischer + 2010 



AGN feedback: Herschel  (molecular outflows) 

Mrk 231 – OH Outflow 

Mrk 231 
terminal velocity (obs): ~1.100 km/s 
Rout (model)  ~1.0 kpc 
 
outflow rate (dM/dt):  ~1.200 M�/yr 
 
SFR:     ~100 M�/yr 
 
gas mass (from CO):   4.2 x 109 M� 

 
depletion time scale (Mgas/M): ~4 x 106 yr  
 
mechanical energy:  ≥  1056 ergs 
 
mechanical luminosity:  ≥  1%  LIR 

z 



AGN feedback: Herschel  (molecular outflows) 

Mrk 231 – CO Outflow 

Feruglio+2010 

CO (1-0) 

1.2 kpc 

HWZI ~ 750 km/s 

outflow mass of 5.8 x 108 M� 

outflow rate of   700 M�/yr 
   

~ > 



AGN feedback: Herschel  (molecular outflows) 

Mrk 231 – Na I D Outflow 

Rupke & Veilleux 2011 
Gemini GMOS 

Pacs 
spaxel 



AGN feedback: Herschel  (molecular outflows) 

Mrk 231 – Na I D Outflow 

Rupke & Veilleux 2011 
Gemini GMOS 

• Wide angle outflow (i.e. only 
minor contribution from jet) 

• Outflow velocity up to          
~1100 km/s  

• 2-3 kpc extension 

kpc 



Ṁ
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Ṁ
out

c
=

⌘c

ṁ
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C. Cicone et al.: Massive molecular outflows and evidence for AGN feedback from CO observations

Fig. 12. Correlation between the kinetic power of the outflow and the
AGN bolometric luminosity. Symbols and colour-coding as in Fig. 8.
The grey line represents the theoretical expectation of models of AGN
feedback, for which PK,OF = 5%LAGN. The red dashed line represents
the linear fit to our data, excluding the upper limits. The error bar
shown at the bottom-right of the plot corresponds to an average error
of ±0.5 dex.

time scale, especially in the powerful AGNs of our sample, can
be even shorter than 10–20 Myr, which is the quenching time in-
ferred by recent studies of post-starburst galaxies at intermediate
and high redshifts (Christy Tremonti, priv. comm.). Conversely,
the depletion time scales associated with the consumption of gas
by star formation are too long and fail to meet these conditions
in most objects.

6.3. Kinetic power of the outflows

Figure 12 shows the kinetic power of the molecular outflow
as a function of AGN luminosity. Theoretical models of AGN
feedback and cosmological simulations predict a coupling effi-
ciency between AGN-driven outflows and AGN power of ∼5%,
for AGN accreting close to the Eddington limit (which is likely
the case for, at least, the most luminous AGNs in our sample).
This is also the Pkin/LAGN fraction needed to explain the MBH−σ
relation in local galaxies (e.g. King 2010; Zubovas & King 2012;
Lapi et al. 2005). Our observations of massive molecular out-
flows in AGN-host galaxies, overall, appear to confirm this pre-
diction. In Fig. 12 we indicate the locus of points having an
outflow kinetic power that is 5% of the AGN luminosity, and
galaxies hosting powerful quasars are indeed located close to
this value. The best-fit to our data points by excluding the upper
limits is

log(Pkin,OF) = (−9.6 ± 6.1) + (1.18 ± 0.14) log(LAGN), (3)

and it is indicated in Fig. 12. It is interesting that low lumi-
nosity AGNs seem to show an efficiency lower than 5%. Most
likely, these AGNs (especially the LINERs) are accreting at a
rate lower than Eddington. One should also note that in some
of these low luminosity AGNs (e.g. IC 5063, see Morganti et al.
(2013), and possibly NGC 1266 and NGC 6764, as suggested by
Alatalo et al. (2011) and Leon et al. (2007), respectively) a ra-
dio jet is thought to contribute to the acceleration of the molec-
ular gas. Additional detailed observations are required to bet-
ter understand the outflow driving mechanism in these objects.

Fig. 13. Kinetic power of the outflow plotted as a function of the ki-
netic power of a supernova-driven wind. Symbols and colour-coding as
in Fig. 8. Error bars as in Fig. 12. The black and grey lines mark the
relations PK,OF = PK,SF, PK,OF = 10% PK,SF, and PK,OF = 1% PK,SF.

Starburst galaxy upper limits are located above the 5% line, in-
dicating that in these objects a different source of energy is re-
quired, most likely provided by SN ejecta and radiation pressure
from the young stars.

The kinetic power of the outflow is compared in Fig. 13 with
the kinetic power injected by supernovae, as inferred from the
SFR, following Veilleux et al. (2005) (see Table 3 and relevant
explanation in Sect. 5). Figure 13 shows that the outflow kinetic
power achieved in the “pure” starburst galaxies and in some of
the starburst-dominated objects is compatible with a supernova-
driven wind, with a coupling efficiency of a few up to a few tens
of percentage points. Conversely, for most of the heavily AGN-
dominated sources, it is clear that the additional contribution of
the AGN is needed to produce the observed outflow energetics.

6.4. Momentum rate of the outflows

The momentum rate provides an additional important indicator
of the nature of the outflow and an important test for models.
In models in which the outflow is generated by a nuclear AGN-
driven wind, the momentum rate transferred by the AGN pho-
tons to the surrounding medium is given by the average number
of scattering by each photon. Some of these models predict, for
AGNs accreting close to the Eddington limit, momentum fluxes
of ∼20 LAGN/c (e.g. Zubovas & King 2012; Faucher-Giguère &
Quataert 2012).

Very interestingly, we find that the “momentum boost”, i.e.
the ratio of v ṀH2,OF to the AGN radiative momentum output
LAGN/c, ranges from ∼10 to ∼50 in the galaxies where the AGN
contributes more than 10% to the total bolometric luminosity
(Table 4). In particular, most of our sources (except the “pure”
starbursts) do follow, within the errors, the relation v ṀH2,OF ∼
20 LAGN/c (Fig. 14). This finding supports both the AGN energy-
driven nature of these outflows and the AGN feedback mod-
els that have been proposed so far, in which a fast and highly
ionised wind, arising from the nuclear regions of the AGN, cre-
ates a shock wave that propagates into the ISM of the galaxy
(Zubovas & King 2012; Faucher-Giguère & Quataert 2012).
We explore this hypothesis further in Fig. 15, by reproducing

A21, page 17 of 25



Tombesi et al., Nature, 2015

Here we show the clear detection of a powerful AGN accretion 
disk wind with a mildly relativistic velocity of 0.25c in the X-ray 
spectrum of IRAS F11119+3257, a nearby (z = 0.189) optically 
classified type 1 ULIRG hosting a powerful molecular outflow.
The AGN is responsible for ~80% of the emission, with a 
quasar-like luminosity of L_(AGN} = 1.5 Å~ 1046 erg s−1. 

The energetics of these winds are consistent with the
energy-conserving mechanism.

**



galaxy disc

spirals: outflow pressure => star formation in disc

expanding shocked bulge gas



galaxy disc

spirals: outflow pressure => star formation in disc

bulge outflow pressurizes central  
disc, and stimulates star formation

expanding shocked bulge gas



observational picture

     (Tachella et al., 2015) 



outflows may be episodic, as  AGN driving is variable  

 K & Pringle 2007 `chaotic accretion’: 
 each accretion disc event limited by self-gravity to a mass 

so characteristic variation (`flicker’) timescale is  

                                          

duty cycle                  (most galaxies are not AGN, but all have SMBH) 
(K & Pringle, 2006; K & Nixon 2015; Schawinski + 15) 

progress of outflow may be slower than measured velocity 

Md . H

R
MBH ' 10�3MBH

tvar ⇠
Md

Ṁ
⇠ HMBH

RṀ
⇠ 105 yr

. 108 yr



     (Schlegel et al., 2016) 



gamma--rays generally too weak to detect:  possible exception?       
Fermi gamma--ray bubbles in Milky Way?

outflow blocked by 
galaxy disc:

gamma-ray emission





alternative interpretation: Fermi bubbles result from 
jets? 



alternative interpretation: Fermi bubbles result from 
jets? 

main problem: 

no reason why jets should be symmetrical about 
galaxy plane 

BH spin and inner disc do not know about galaxy 
plane



bulge stellar mass
stars produce luminosity L⇤ ⇠ ✏⇤ ˙M⇤c

2
,

and so momentum p⇤ at rate ṗ⇤ ⇠ ✏⇤c ˙M⇤

star formation is inhibited if total momentum p⇤ reaches ⇠ Mg�,
where Mg is original gas mass, so maximum bulge stellar mass is

Mb ⇠
�

✏⇤c
Mg

now Mg ⇠ fgMV , where

MV ⇠ 1

H
⇥ �3

G

is virial mass

so combining, we get

Mb ⇠
fg�

4

✏⇤cHG
⇠ 10

11M��
4
200



black-hole -- bulge-mass relation

MBH ' M� =
fg

⇡G2
�4

MBH

Mb
⇠ ✏⇤cH

⇡G
' 10�3

now using

we find



SMBH mass limited to             by black hole  
momentum feedback 

bulge stellar mass limited to              by stellar momentum 
feedback and cosmological mass growth 

ratio is   

the              relation is `acausal’ -           follow parallel 
feedback relations, but do not influence each other 

M / �4

Mb / �4

M

Mb
' 10�3h(z)


1 +

0.41�200

h(z)

�

M �Mb M,Mb

 (K 2003, 2005)

(Power + 2011)

- tiny scales ~ pc

but note the nature of this relation:



SMBH mass limited to             by black hole  
momentum feedback 

bulge stellar mass limited to              by stellar momentum 
feedback and cosmological mass growth 

ratio is   

the              relation is `acausal’ -           follow parallel 
feedback relations, but do not influence each other 

M / �4

Mb / �4

M

Mb
' 10�3h(z)


1 +

0.41�200

h(z)

�

M �Mb M,Mb

 (K 2003, 2005)

(Power + 2011)

- tiny scales ~ pc

but note the nature of this relation:



the dark ages?
in all this work, we have assumed that the radiation of the accreting 
SMBH escapes freely - is this true? 

if not, the entire accretion luminosity must be trying to drive the ISM 
away, so    , not just   

we need to work out the optical depth of the ISM 

with  

the optical depth from radius     to infinity is 

L (⌘/2)L ' 0.05L

⇢(r) =
fg�2

2⇡Gr2

R

⌧(R) =

Z 1

R
⇢(r)dr =

fg�2

2⇡GR



this gets large for small  

so the luminosity is trapped at small 

=> radiation pushes the ISM into a shell of mass 

                             (just as the wind does [later])  

R

R

M(R) =
2�2R

G



ambient gas
trapped quasar 
radiation field  

SMBH

swept-up 
   shell 

radiation driving

expect expansion of bubble faster than wind case since     not L ⌘

2
L



⌧sh(R) =
Mg(R)

4⇡R2
=

fg�2

2⇡GR
= ⌧(R)

the optical depth across this shell is        (column density), i.e.⇥

so the trapped radiation sees total optical depth (shell + ambient ISM)

⌧
tot

(R) = ⌧(R) + ⌧
sh

(R) ' fg�2

⇡GR

this becomes optically thin (=> radiation can escape) once     reaches  

                                     `transparency radius’

R



so now the shell gradually slows down and the radiation escapes - 

                             end of the `dark ages’ 
 

UFOs

`warm absorbers’

Rtr ⇠
fg�2

⇡G
' 50

✓
fg
0.16

◆
�2
200 pc ⇠ 107Rg



while shell is optically thick, radiation is trapped and must build 
up a black body distribution, 

temperature given by  

i.e. 

ISM opacity cannot be dust (                  ), as        gets large and exceeds 
dissociation temperature 

transparency radius determined by electron scattering 

LEdd = 4⇡R2�T 4
b

Tb =
100

r1/2

✓


es

◆1/2

K

 >> es Tb

, (r = R/Rtr < 1)

dust?



some other consequences of SMBH outflows

super-solar abundances in AGN spectra: momentum—driven 
outflows                     repeatedly sweep up and compress the same gas: 
generations of massive stars forming out of same gas enrich metals 

dark matter cusp removal by same mechanism: large masses move 

little SF in  AGN hosts 

metals spread to IGM by subsequent energy-driven outflows

(M < M�)



for a review of outflows, M - sigma before the Saas-Fee 
book comes out, see 

King & Pounds, Annual Reviews of Astronomy and             
Astrophysics, (2015) 53, 115 



GW150914: the most energetic event directly observed: 

but close to GW detection limits: distance  ~ 410 Mpc 

claimed near-simultaneous electromagnetic (EM) counterpart 

now generally discounted —  

problem — have to make 2nd BH during merger 

  

EGW ' 3M�c
2 ' 6⇥ 1054 erg (' 1032 Mt!)



is a later EM event possible, and if so, observable? 

a later event requires positional information, since we cannot use 
simultaneity to identify it with the GW event 

must wait for upcoming GW detectors — e.g. KAGRA (Japan), etc 
to give better GW error boxes 



is a later EM event possible, and if so, observable? 

a later event requires positional information, since we cannot use 
simultaneity to identify it with the GW event 

must wait for upcoming GW detectors — e.g. KAGRA (Japan), etc 
to give better GW error boxes 

best candidate for a later event — GW event disrupts a  

circumbinary disc 

left over from the pre—merger binary evolution 

cf e.g. circumbinary material around SS433 (Blundell + 2001, 2009),  
talk by Linial at this meeting 



retrograde: Nixon et al. (2011)





Rossi et al., 2010 — supermassive case 

GW merger disturbs circumbinary disc



can a circumbinary disc survive?

after 2nd BH forms, disc must be extremely cold; ~ protoplanetary 

without ionization disc is `dead’ — no motion 

outer parts of protoplanetary discs have `dead zones’, plus regions 
where local cosmic ray flux ionizes a skin, with  ↵ ' 10�2



can a circumbinary disc survive?

after 2nd BH forms, disc must be extremely cold; ~ protoplanetary 

without ionization disc is `dead’ — no motion 

outer parts of protoplanetary discs have `dead zones’, plus regions 
where local cosmic ray flux ionizes a skin, with  

resulting             decreases with    , so inward—moving gas piles up in dead 
zones, and resonances hold up accretion; suggests 

inner radius       of disc where  

                                => 

remnant disc mass very uncertain: parametrize as     

Ṁ(R) R

tvisc =
1

↵

✓
R

H

◆2 ✓
R3

GM

◆1/2

= tGW

↵ ' 10�2

Rin

Rin ' few 1010 cm

Md ⇠ 10�3M



de Mink & King 2016



GW reduces central mass of BH

de Mink & King 2016



GW reduces central mass of BH

as GW passes, disc responds to mass loss by expanding; 
disc orbits become eccentric and intersect => shocks

de Mink & King 2016



disc responds to any in-plane kick v at e.g. 9 o’clock by  
falling inwards at 6 o’clock (positive disc rotation)

merged BH may acquire a kick (anisotropic GW emission) 

de Mink & King 2016

as GW passes, disc responds to mass loss by expanding; 
disc orbits become eccentric and intersect => shocks



luminosities, temperatures, spectra, light curves 

estimated luminosity 

                                                            

(same as for supermassive BH mergers!) 

timescale 

with                                   , suggest EM counterparts should be easily observable 
(temperature estimates => appear in X-rays — IR),  
but depend strongly on     : in-plane kick may give gamma-rays 

 [v is greater of kick velocity and Kepler velocity at inner disc edge]

t ⇠ few
GM

v3
⇠ 2.2

✓
M

60M�v33

◆
hr

LEM ' 1042v53

✓
Md

10�3M

◆
erg s�1

v3 = v/1000 km s�1

v3



Ṁ =
dM

dR

dR

dt

dM

dR
= 2⇡R⌃, ⌃ ⇠ R� , � ⇠ �0.7

R / t2/3

luminosities, temperatures, spectra, light curves 

mass infall from disc:  

steady disc => 

infall time (dynamical) 

                         so 

flat EM light curves (unlike TDEs, with                      )  

                    

Ṁ / t2(1+�)/3�1/3 / t�0.133

L / t�5/3



Ṁ =
dM

dR

dR

dt

dM

dR
= 2⇡R⌃, ⌃ ⇠ R� , � ⇠ �0.7

R / t2/3

luminosities, temperatures, spectra, light curves 

mass infall from disc:  

steady disc => 

infall time (dynamical) 

                         so 

flat EM light curves (unlike TDEs, with                      )  

 could we detect `orphan’ GW mergers? 

Ṁ / t2(1+�)/3�1/3 / t�0.133

L / t�5/3



have we already? 

were some known (anomalous) GRBs/afterglows 
EM counterparts of GW mergers? 



t/tdyn

Md/M = 6⇥ 10�4

mass loss 
only

in-plane kick

Rossi et al., 2010



GW 170104: afterglow of possible EM counterpart 

(Stalder et al., arXiv: 1706.00175) 

 `right’ delay and light curve…… 

  and in same (very large!) region of the  sky                    



questions 
0. were known GRBs/afterglows GW mergers? 

astrophysical:  
1. which (if any) binary evolution scenario applies? 

2. what does this imply for spin magnitudes and      
directions? 

3.  does the circumbinary disc survive? — planets? 

4. what is              ? 

GR: test predictions for                       ?  

Md/M

v(BH spins)


