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Observations of Jets
(a very concise summary)
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There are a ©) s
lot of them.

Core of Galaxy NGC 426l
i i HST Image of a Gas and Dust Disk
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Mirabel & Rodriguez (2002)




Theoretical Models of Jets
(a very concise summary)

Require large-
scale magnetic
fields.

(e.g., Lovelace 1976; Blandford 1976; Blandford & Znajek 1977,
Blandford & Payne 1982)



Core of Galaxy NGC 426

The picture you might -,
have in your head
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Advection and
compression of a
weak field leads to
a strong field in
the inner disk.

Lovelace 1976



But problems with this
iIdea were discovered
In the 1990’s

* Turbulence responsible for e.g., van Ballegooijen 1989:
accretion also leads to enhanced Lubow et al. 1994: Lovelace
reconnection (field diffusivity) etal. 1994:1%?&\/86“8 etal.

« A turbulent disk is a poor conductor

e Weak fields cannot advect inward
In a thin disk

— disk




Do Numerical Simulations Address This?
(e.g. De Villiers et al. 2003)
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« Limited geometries studied - jet confined to extreme inner disk (black
hole-specific effects)

« Interestingly, choice of initial field geometry still seems to have a
significant effect on jet properties (McKinney & Gammie 2004; Beckwith

et al. 2007)



How might weak magnetic fields

be able to advect inward?

Could be achieved with a mathematically favorable
vertical profile of the diffusivity (Ogilvie & Livio 2001)

Physical model: Assuming the surface layer of the disk
iIs nonturbulent (i.e., highly conducting), it can support
inward field advection (Bisnovatyi-Kogan & Lovelace
2007)

Our work: This is likely to occur in physically realistic
disks (with magnetorotational turbulence; MRI)



The Basic Idea

Advection in a nonturbulent surface layer __.—
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g The surface layer can «m
enough current to support i IE
large-scale field, even thougln
only contains a tiny fraclicnie Jf
the disk’'s mass :
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How do we determine if the
nonturbulent region advects inward-?-—




Realistic, Turbulent Accretion Disks
(with the magnetorotational instability)

 Key point: MRI is a weak field
instability (turbulence shuts off at
a height where the field becomes
strong compared to the gas)

 Therefore, the field at the base of
the nonturbulent region is always
strong enough to affect the gas
dynamics

Hirose et al. 2004

* The field is never “too weak” to
advect inward (*)




Simple geometric condition for
field advection

(based on physical effects discussed above)

(vertical magnetic stress / vertical magnetic energy density)
greater than
(vertical velocity / orbital velocity)

« Vertically-stratified MRI shearing box simulations of Miller &
Stone (2000) suggest that this will be easily satisfied

« A seed field penetrating the disk (“dipole-type” field) has
vertical stress of the correct sign




Good things that come from this
process

(winds and jets over a wide range of radii in many different compact objects)

e il skl D NN
Igumenshchev, Narayan & Abramowicz 2003



More good things that come
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‘ equipartition) may be neededio
| drive strong enough turbulence

to match observationsi

(e.g., Pessah et al. 2007, King et:all 20074
_________ Fromang & Papaloizou 2007) =
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Disk-jet connection

ensity (mJy)

eddened flux d

advected magnetic field

N

turbulent disk
timescales

der

g
g

=
g
S
§
s
]
8

Observations of GRS 1915+105

(Eikenberry et al. 1998; Rothstein et al. 2005)

(see also Tagger et al. 2004)



Advection/Diffusion of Large Scale Magnetic Field

K. Lovelace, D. M. Rothstein, & A, Koldoba
The main equations are
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E=—=—<<& 1. (4)
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We define u, = vealr, z)/vr(r) and the accretion speed u, =



v, /(e ). This equation then gives
b, _ Bo . 2 2 2, O (_Ou, .
5 = - p(l—kpe®—us) 1-&,5[]&: ,aﬁﬂ: . (6)

where g = pl(r,z)/ps with py = p(r,z = 0). The midplane
plasma beta is

- _ dmpociy

ky, = —(cs/cen)*8np/Blnr, p = pc2, and ¢ = z/h. Note that
Fn = cﬁ{;.,f’ufm, where vag = By /(4mpg)t? is the midplane Alfvén



velocity, The rough condition for the MRI instability and the
associated turbulence in the disk is 3, > 1 (Balbus & Hawley
1998). In the following we assume 3, > 1.

Similarly, the ¢—component of equation (1) gives

T a8y 0 (;0u.
8¢ — 9 & I:"!Ek.'rﬂ Ur‘} = ac (F" ¢ ) : (8)

where &, = 8ln(pe,7?)/81n(r) is of order unity. The dominant
viscous force contribution in this equation is F; = —01,, /0=
with T, = —pwiv./dz and this gives the second derivative
term.,




The z—component of equation (1) gives

e, Nenttils I .

é = —pciy leg'ﬁ;ﬂ ac {E’ﬁ * bi] - (9)

The term involving the magnetic field describes the magnetic

compression of the disk because b2 + b2 at the surface of the

disk is larger than its midplane value which is zero (Wang et al.

199()). For G, = 1 the compression effect is small and can be
neglected,

For specificity we consider the adiabatic dependence p o g7

in the vertical direction with v =1 — /3. This can be written




as p = peay(p/po)” . This gives
132 Li(v—1)

for 33 = 1. The density goes to zero at {, = [2v/(v — 1)]V/2.
However, before this distance is reached the MBI turbulence is
suppressed, and g({) in equation (3) becomes very small.
The toroidal component of equation (2) gives
b =4 (11)
da¢ g




Because g({) tends to € <€ 1 as { increases (from a value say £,
of order unity), u, must also tend zero beyvond this distance in
order for @b, /8¢ to remain finite,

The other component of equation (2) gives

ous 3, 0 ( ob |

Combining equations (6) and (11) gives
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This is our main equation. The equation can be integrated
from ¢ = 0 out to the surface of the disk where u = (. Because
of the even symmetry in £, the odd derivatives of u are zero at
¢ = 0, but one needs to specify w(0), «"{0), and «*¥(0). Clearly,
a “shooting method” can be applied where the values of w{0),
u' (0, and w*¥(0) are adjusted so as to give u = () on the disk's
surface. Once u({) is calculated, equations (6) and (11) can

then be used to obtain b, () and b-(C).



We restrict our attention to physical solutions which have
net mass accretlon,

_ Com
M = drrhpoacan f dl pu =10,
0

and have b, < 0 on the disk’s surface. This condition on b,
corresponds to an outflux of anpgular momentum and energy

rather than the reverse,
Figures 1 and 2 show results for an illustrative solution of

equation (15). We have taken G = 100, o« = 0.1, £ = 0.05,



v =5/3, §,, = 224, k, = 1, and k£, = 1. The parameters
of g are {, = 2 and Az/h = 0.05. For this solution we have
chosen u(0) = 0.25 and adjusted «"(0) and ©*¥(0) in a shooting
method to give v = 0 on the disk’s surface. The values found
are u”(0) = —0.75 and u'¥(0) = 1.2. The density-weighted
accretion speed is uw = 0.0661.

In general we can use a shooting method to adjust the
values of u(0), w"(0) and »*{0) to give u = 0 on the disk’s
surface as well as specified values of b and b, on this surface.
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Conclusions

 We predict that a vertical field
threading an MRI-unstable disk will
advect inward under general
conditions that we derive.

 This process may help explain the
origin of disk turbulence.

e It also provides a simple mechanism
to generate strong magnetic fields
needed for jets and outflows.
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