Plasma Astrophysics

Toshiki Tajima, UCI
Class 3:PHY249 (2020Spring)

3D Structure of Disk and Jet
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EHT Collaboration

Event Horizon Telescope (2020) Tajima Shibata (1997) p. 387



CHAPER I 21 Fila menta ry
s plasma

What are the ingredients?
gravity
plasma
B

to make a spaghetti plasma

H. Alfven (1981) “Cosmic Plasma”

Can you also point out other
filamentary plasma pictures
in the textbook (1997)?

Can you tell what in each picture
made them filamentary?

“. 1110, Contrast-enhanced photograph of the Orion nebula (Sky and Telescope, April, 1979).

'. None of the observed filaments can be regarded with any certainty as resulting
,.ml cf fccts whereas m all cases there is either convincing proof, or reasonably
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What part of astrophysics?

* Frontiers of astrophysics only (that are not yet well understood):

highest energy particles (e.g. of cosmic rays > 10720eV, high energy
neutrinos)

highest energy photons (e.g. y-rays up to TeV /PeV)

most violent processes (e.g. disruptive accretion; jets)

episodic and eruptive (e. g. y-ray bursts)

young objects (e. g. AGN, Blazars, colliding galaxies (M82), microquasars
(55433),...)

neutron-star x neutron-star collision—=> plasma plays essential role

* | have no time to cover:
objects (e.g. our galaxy, , our solar system), gravitational dominants
, steady-state objects

objects where such as the Moon (“the older, the less plasma”)
interacts with astronomical object (cf. collective interaction N?)

(our textbook covers some of both kinds)



Distinction between gravity <=2 EM

* Both: range can be infinite < Gauss law
e Strong and weak interactions:
- range O( fermi = fm)
* Grav: no negative mass; EM: + and —, but can be combined;
no magnetic monopole =2 magnetic force range finite
e EM: if combined +/- = atoms: range O(A)
* EM: +/- > Debeye screening: range O(v,;/w,)
- collisionless skindepth: range O(c/w,)
- EM radiation infinite range
However,
* With B : fields screening removed < Alfven effect
mediated @ v,
: texture appears
* Collective/ violent proc. = ephemeral struct. or
—> robust struct = wake @ c




Examples of base processes

Parker I.nst-ablll'-c-y MRI = twisted magnetic amplification;
(ballooning instability) = Flux buoyancy jet formation
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ZIGURE 3.18 Interchange mode and undular (Parker) mode of magnetic buoyancy instability. wsturston stage [¢ = (20.9 — 25.0/9) (Matsumeto and Tajims, 1995).
. e 14 .2.3. Jffects of t stability™*
3.2.1.2 Magnetic Buoyancy Instability and Parker Instability 4.2.3.6 Effects of the Parker Instability
) When the vertical gravity is included, magnetic field escapes from the ss W8
oot e L hain amilihrinm On th due to the Parker instability (the magneto-buoyancy instability; see Sec. 2=
growth rate of the Parker instability is 2 — 5H/uy, the growth rate of the Pummmml
hecomes comparable to that of the magnetic shearing instability as 3 approscess

Text p.158-196 Text p. 329-342



Nonlinear evolution of Parker Instability

Collaboration of gravity and plasma

- "overshoot”
NOUAE 2138 Univietiog 8 1 ir wheeth .3
& shows before (Eq 32.4). mhwmmud«d«dl‘)«l&*
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P = g = B8} = exp(-2/A),

—> Stimulate further growth of balloon

+ B -2 nonlinear evolution (can be explosive*)
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* processes

* Cooperative process
e “vicious cycle” (or “rich gets richer process”)
. da,/dt=va,a,,
da,/dt=va,a,.
2 a;,~1/(t,-1)°
in finite time (t, ) to infinite amplitude
cf. da,/dt=ya,a,-pa,.

exponentiates if a, > f/y



Beginning of
structure formation

via Parker process

Consequences:

- 1. the escape of amplified B-field
in the disk

2. pinching of plasma radially
accentuated, forming streaks of dense

regions

327 mmammmhuuf':
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3. allow accentuated magneto-
Hm = C?/goax and gax = 0.385GM/r3. Wher
on disks and galaxies, we can assume Hy, app

rotational instability onset
disk when § > 1. This result would be imp . . .
icoops produced by the Parker nstablty n acoret 4. assist jet formation
> 5. assist accretion of clumped
matter

5 Self-Similar Evolution*

ot (1989, 19800) found a self-simlar expa wsion of
1ge Parker instability, They performed 2D no

ility of an isolated ma@:gc flux sheet embx
ation to explain the emergence of magnetic
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Magnetic buoyancy
and twist in jets
from accretion disk

s 42 20d 439 ,,m o A consequence of Parker process

m@m '4' J |: il f v-l,‘ _;'1 . . e,
3, 0072, 0,84, 4003, 48 % But we need twist in addition.

of jet. _Wwwn‘ w



) 1.22 2.37 3.55 4.66

gnetic field configuration of magnetic-twist jet developed by Shibata and Uch

ady MHD Jets from Thick Disks*

p an AGN jet model, Matsumoto et a, (1996a) studied the cas
 poloidal field, by performing nonsteady 2.5D MHD simulal
da (1986a,b). (See Sec. 4.2.2.5.) Their results (see Fig 4
on) flow occurs along the surface of thick disks. (2) Mag
s and Hawley, 1991) occurs inside thick disks, (3) The

ble to the Keplerian velocity, Vie ~ 0.6 — 2.3V o B

2 (4) The mass 1088 ra ? :
te by the jet M is i roportion O
- For the three-dimensiona] m"see Fig.s 411;0 p ion ©

m.
b::?.?*between Ste“ar Y, N R e o o

Gravity + Plasma +B

- Jet formation

buoyancy (not much angular momentum)

More global — twist (angular momentum)
- jet



Text p. 356



Jet (magnetically-driven flow):

B —aRA Juv seew—— e vl W OUC, 434 Y

we obtain
w Driven (Centrifugal) Wind
ﬂlhl'hdthaorymdewbped by Weber and Day;, ,
n t ' ylm. Taking spherical coordinate (r,,, g%
ry 8/9p = 0, no non-plane magnetic and vy,
-';dul (adiabatic) MHD, and 1D (3/a - Y
sic MHD Mmlnwgratedmtothefoh:

(439 Hence the de
9 -~ Letusnov
4310 Efz‘!'.inu nating
ag using other e

4 \
(4.3.1) HG

(431

(4313 steady-state solution

“ the equ Barnoulli Eq.
energy E = const
of gravity

potential ¢
angular freq Q
(along the stream line)

(4314)

(p. 364)



3D Structure of Disk and Jet

Jets from BH and
magnetic fields

Textbook p. 387



Magneto-Rotational Instability (MRI)

Accretion disk

rotating plasma
B-fields

(will discuss
filamentary
singularity)

Balbus-Hawley (1991)
e | , : o (Matsumoo®
IRE 4.31  (a) Magnetic field lines and equatorial density; (b) Projection of magnetic field lines ( Matsumoto Tajima (1995)
b).
( \ahé

iting magnetized disks (magnetic Papaloizou-Pringle instability) is obser\’ed ;¢ Text (pp.323-353)



Growth and patterns of MRI

Accretion plasma flow
patterns:

<& O-rplane : Jdvy—pattern

\Z

Fluctuations: Magnetic (6B)
+ plasma velocity (6v)
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LA nonlinear stag
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BT Frhhanced transport =

FIGURE4.28 Result of three-d azimuth . .

Wperturbed magnetic field is unifo scale. So anomalous viscosity n

velocity perturbation dvy inthe 2 : atsumoto a

turves and dashed curves represe %

Tajima, 1985). N ) i{‘m

Next page: coupled equations for v, 6B - 2"d order ordinary diff. eq. in radial dir.

—> analytical and physical solutions (even though there is an Alfven singularity exists) found



cigenvalue prodlem. In the unperturbed state, the density, pr ’V -
x:mdwhm nymmq.-.,-o..h ' :
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We further assume that B, = 0 ia the state. We lincarize the |
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discussion. The Laplace transform of the momentum equation and the induct
e + 8
lasma BE
a2, 8) e
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genfunction

/ singularity

Frobenius’
method
index s
degree of
singularity
- Nature

of filamentan
singularity

For those aficianados of math physics, enjoy the math of regular singular point

eigen functions (see: Matsumoto-Tajima, Ap. J. 1995)



1.0}

~1.0}

0.5

Solution by Frobenius Method
to the MRI eigenfunction

Shear flow in the azimuthal
direction =2
amplitude oscillations in r

(or¢)

Eigenfunction amplitude

i
|

Fic. 16 Normalized radial position é=0 is Alfven singularity



SO ) e Anomalous
oo viscosity

e |
o oy S enaig e vt ([l ion disk
:“(nwgf:’rt;?:m . « | In accrEtlon IS
b G &) @) W Anomalous viscosity 1 ~ 682

~ O (ap)

6v2~0(ay)

where ag ~ (6v,/ C; )?
a, ~ (6v/C)?

General structure of
anomalous transport

Here we set the classical
viscosity v=0 and resistivity =0

Typical astronomical observed and

our simulational values of
a~0.1




Evolution of accretion disks

* Anomalous viscosity —2> “erowth hormone”
of the AGN (young galaxies), O<axl

stars, Universe in general
* Feeder of matter / energy to AGN and jets
brightening and growth of AGN, jets

—  Fundamentals for evolution of the Universe




@ High State (SoftState)

log F
Xx-ray v*

- - L
N 1
transitions

@® Low State (Hard State)

. 5'",

3 Two states of accretion disks: “High state” (soft s
ectra

own that accretion disks in black hole cand
1, 1984). One is the high state and the ot
spectra has blackbody component which
k accretion disks. On the other hand, ir

aw which mav come from antirallu +his

Episodic transitions

of accretion disks
with B

uasi-)steady state accretion disks

cf.
Episodic accretion disks

“breathing” disks

transitions between the states
soft state (B >>1)

™
\Z

hard state (B ~ 1)



