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Lecture 13: Spherical Accretion/Winds

Professor Chris Reynolds (csr12@ast.cam.ac.uk)



Recap - last lecture

* The De Laval Nozzle and transonic flows
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(u* — )V Inu=cVIn A

e Can achieve a sonic transition at extremum of A
* Existence of “critical point” allows us to determine structure of flow



This Lecture

e Other important “critical point” problem...

* Spherical accretion and winds
* Importance of accretion and winds!
* Analysis of spherical accretion problem
Role of critical (sonic) point
Isothermal and polytropic cases
Unifying descriptions of accretion flows and winds

* By end of this lecture, you can do...
* All of Examples Sheet 1 and 2
 Example Sheet 3, Q1-4, Q9



G.4 : Spherical Accretion

Consider spherically symmetric flow
of matter in gravitational potential of
point-like central body. Assume:

* Gas at rest at infinity
* Flow is in steady state

* Barotropic equation of state
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Mass conservation:
puA = constant M

= Amr?pu = M,
d

> o (1nM) — 0
= d — In —|—iln —I—il =0
ar Pt T a7 =
= d — In —il g
dr = dr e r

Momentum eq (steady state):

du 1dp GM

Yar T pdr r2
odInu _ lenp GM
dr “ ar r2

= u




So

u2£lnu — 2 (ilnu—l— g) — GM
dr S \dr r r2

2 2 S
= —c?)—Inu = 1— ‘
(U Cs) nu ( 9 g )

Thus there is a critical point where

- GM

P T 2c2
S

and either a) u has an extremum, or

SONIC POINT

b) u=c,



Accretion

Settling Flows

u/c,




Example : Isothermal accretion case

So the flow passes through a sonic point u = ¢, at location r = r, = GM /2c?.

Use Bernoulli to compare flow at sonic point with a general point:

1 ¢ ' 1,
H = ~u? + / ap +W = const.

2 p
N—
c21np
1 . ‘ GM 1. ‘ GM
= —uf 4 cflnp— — =2+ cAlnps —
2 ‘ r 2 ‘ Ts

1 . ‘ GM ‘ 3
= —u? + (:ﬁ np— — = (:ﬁ (ln Ps — 5)
r

2
¢ ¢ S : 2 j\ﬁ/[
= u? = 2¢? [ln (p) 3] + ¢
p r

2



; , s ‘ 2GM
u? = 2¢2 lln (p) — 3] + G
‘ P 2 r

Look at some limits...

r— 0,u® — 2GM /r. (free fall speed once r<<r)

r— oo and u — 0, p = pse3/?

Since we can relate p, to p,,, We can use properties at sonic radius to determine
the mass accretion rate

_ 9
]\[ — 47-(-7 S ps (/S
WGQ]WQ@B/Z/)OO (uniquely determined by conditions

3 in the medium at infinity)
’S

= M=



Simulating Bondi accretion

Curtis & Sijacki, 2015
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Simulating Bondi accretion
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Example : Polytropic accretion case

. “dp . ‘ n—+ 1 ,
p = Kp'tt/m. / P K(n+1)pY" = ne? ¢ = T Kpi/”
P ‘ n ‘
Comparing sonic radius to general point, Bernoulli gives:
1 ¢ : G]\/[ 1 ¢ ¢ Gj\/f
“u?+ (n+ 1)Kp'/m — = = 22 4 nc? —
2 r 2 ‘ T's
‘ GM
1 - . : —
= w4+ (n+1)Kpln — GM_ c: (n — §> using - s = 92
2 r ‘ 2 5
. 2 ’
= ! M + (n + 1)Kp1/” = ¢? (n — §) + GM using N = 4mr?pges
2 \ 4mr?p i 2 r |

So taking this to infinity, we can relate sound speed at sonic point at infinity...

2 3\1"

Cs (n N §> n+1__ n n "

2 - 1/n 2 _ 2 _

(n/ _+_ l)K V4 C*"'aoo T n KpOO z s = ( 3 ) CS7OO , 108 - n — § pOO

Poo =




Can now derive accretion rate...

M = 471'7‘;), PsCs

4 :
4cs n—3;
n—3/2
TG M? n
3 Poo 3
Cs,oo n—s

_ m(GM)*pos [ 1 o ACCRETION
n

Same form as isothermal case (just different pre-factor).

Recover the isothermal case by taking limit n — co.



2 n—3/2
AT — W(GJ}[) Poo ( n )

3 3
C.s',oo n — 2

Notes:

1. Dependence of accretion rate on mass of object

) 2
M =AM
* If initial mass is M, and it accretes like this for time t, then we can integrate to get

M
dM My
L4 = M=

e M2 1 — AMyt

SO M — oo ast — 1/AM,

* Inreality, the accretion rate will become limited by fuel supply and/or the Eddington limit
(which has M o< M, so exponential growth).
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2. Dependence of accretion rate on reservoir properties:

3 5
Cxo Cxo

* Much higher accretion rates from colder material.

E.g. old model for “Ultra Luminous X-ray
Sources” (ULXs)... rouge intermediate-
mass black hole entering into a cold
molecular cloud and undergoing Bondi
accretion.

(Now know that at least some of these
sources are neutron stars that are
accreting at super-Eddington rates from a
companion star.)




3. The n=3/2is a singular case:

* Sonic point goes to origin, with infinite sound speed and density

n
2 n 2 _ n
Cs = 3 Cs,oo Ps = 3 Poo

GM—>Oasn%3
re = —
2¢2 2

 But accretion rate remains finite

. 2 n—3/2 2
M:W(G{y) ’OOO( n3> >7T(G];4) Poc asn%§
Cs,oo n — 2 Cs,oo 2



4. Can extend (with less rigor) to the case of the mass moving at speed v,
through a uniform medium. Accretion rate
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5. Due to importance of critical point, the nature of the accretion flow can be
strongly affected by even modest departures from assumptions, e.g.
* Non-zero angular momentum of the incoming gas
* Magnetic fields



Sgr A*, from stellar winds to the black hole
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Ressler et al. (2020a,b)

=30 =20 -10 0 10 20 30

rsin(@’) [ry]



[1996MNRAS.283L.111R

Mon. Not. R. Astron. Soc. 283, L111-L116 (1996)

The ‘quiescent’ black hole in M87

C. S. Reynolds,' T. Di Matteo,' A. C. Fabian,' U. Hwang® and C. R. Canizares’

'Institute of Astronomy, Madingley Road, Cambridge, CB3 OHA
*NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
*Center for Space Research, Massachusetts Institute of Technology, Massachusetts Avenue, Cambridge, MA 02139, USA

Accepted 1996 September 23. Received 1996 September 12; in original form 1996 July 19

ABSTRACT

It is believed that most giant elliptical galaxies possess nuclear black holes with
masses in excess of 10° M. Bondi accretion from the interstellar medium might
then be expected to produce quasar-like luminosities from the nuclei of even
quiescent elliptical galaxies. It is a puzzle that such luminosities are not observed.
Motivated by this problem, Fabian & Rees have recently suggested that the final
stages of accretion in these objects occurs in an advection-dominated mode with a
correspondingly small radiative efficiency. Despite possessing a long-known active
nucleus and dynamical evidence for a black hole, the low radiative and kinetic
luminosities of the core of M87 provide the best illustration of this problem. We
examine an advection-dominated model for the nucleus of M87, and show that
accretion at the Bondi rate is compatible with the best-known estimates for the core
flux from radio through to X-ray wavelengths. The success of this model prompts us
to propose that Fanaroff—Riley (FR)I radio galaxies and quiescent elliptical galaxies
accrete in an advection-dominated mode whereas FRII-type radio-loud nuclei
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The imprints of AGN feedback within a supermassive black hole’s sphere
of influence
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ABSTRACT

We present a new 300 ks Chandra observation of M87 that limits pileup to only a few per cent
of photon events and maps the hot gas properties closer to the nucleus than has previously been
possible. Within the supermassive black hole’s gravitational sphere of influence, the hot gas is
multiphase and spans temperatures from 0.2 to 1 keV. The radiative cooling time of the lowest
temperature gas drops to only 0.1-0.5 Myr, which is comparable to its free fall time. Whilst
the temperature structure is remarkably symmetric about the nucleus, the density gradient is
steep in sectors to the N and S, with p oc 7> *0! and significantly shallower along the jet
axis to the E, where p oc =093 %097 The density structure within the Bondi radius is therefore
consistent with steady inflows perpendicular to the jet axis and an outflow directed E along the
jet axis. By putting limits on the radial flow speed, we rule out Bondi accretion on the scale
resolved at the Bondi radius. We show that deprojected spectra extracted within the Bondi
radius can be equivalently fitted with only a single cooling flow model, where gas cools from

1.5keV down below 0.1 keV at a rate of 0.03 M yr~'. For the alternative multitemperature
enectral fite the emiccion meacnrec for each temneratiire comnonent are aleo concictent with a



6. Same basic theory can be used to describe thermally driven wind; called the
Parker Wind solution.

u/c,
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Settling Flows




Total Solar Eclipse 2017 B







