The Magnetothermal Instability (MTI) and Its Role in the Transport| pilute Nature of Accretion Equilibrium Disk Profile
Of A n g u I a r M om en tu m i n H Ot, D i l u te ) M a gn eti Z ed AC C r e ti on e Mildly collisional at best. The following table borrowed from [9] and other sources demonstrated e Plasma dynamics is considered in a rotating, cylindrical frame centered about the origin, with local
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this, with Chandra observations of the outer 1”. velocity u =V — RQ(R)¢.

e Equilibrium velocity RQ(R)(E& approximately satisfies the equation,
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NGC 4472° 0.2 0.9 2.5 x 107 0.016 0.07 With radial flow |vg| < RS) and isothermal sound speed /Py /py < RQ(R) (thin disk).
NGC 46362 0.07 0.7 2.2 x 10% 0.032 0.6

M 823 0.17 0.9 27 % 1020 0.018 0.02 e Equilibrium nonradial magnetic field,
M 324 0.07 0.4 1.2 x 10+ 0.2 1.3
By=1B (ACOS + Zsin )
| “Taken from [4] ! o(® X X
i "Taken from [4]
- - ;Taken from (3] e Isotherms along magnetic field lines (high thermal conductivity along magnetic fields), Ty = To(R).
Stract an rganization i Taken from [10] Ny
i Inner regions become highly collisionless. e Orbital angular velocity constant along surfaces of constant radius, Q = Q(R).
Recent observations have demonstrated the prevalence of underluminous accretion flows in massive and - o . _ , _ . o _ _
supermassive central galactic black holes, for which the best studied example is that of Sagittarius A*™ at C o m mo na I ’ ty Of R ' A F S ? 1 Ra('ilatlvely ineflicient and Opthf-:lHy thin — very httle' eI‘lergy generated by gravitational infall is e Equilibrium profiles of temperature and pressure with the following normalized gradients,
the center of our Milky Way. In addition, circular polarization measurements of millimeter-wavelength i radiated away, and the flow remains transparent to radiation.
E&dl&tlon f}l;om iag}ttiri)ustﬁ hzs_ sg-lovxi'n 'the 1C1C1e)<:'1sttence Oi -measfurz;blf me?dlgdrietlc 1fli_el_ds 1?tthfl -S(l)qlilrce.uilr-lese Only 200 AGNs 01; quasars (.hlgh—hlmlHOSIty, 10% energy efficiency accretion ontf) black holes) W1tlr.11n i e Two-temperature — ion-electron coupling is weak enough that ions may reach temperatures ~ 102 o —Haln T, - —Haln Do i Do/ po
ows are characterized by the radiatively IellCIent accretiorn ot a hot, muidly cotiisional to fightly colusion- the nearest 4 x 10° ly according to recent AGN census; BUT extreme commonality of central massive K in the inner regions, while electron maximum temperatures T ~ 10° — 1010 K. T or @ °F IR GM/R?
less, and optically thin plasma onto a black hole. The energy generated through the accretion of matter (M %, 10%My) and supermassive (M 2, 10%M,,) black holes [1], implying underluminous accretion is com- | ;
down a gravitational down a gravitational well cannot be radiated and therefore must be transported out- mon. i log , T /T_ for 2.6x 10" M BH at R=10R__ . . El EI EI &I &N BN BN BN I I I N BN BN BN BN BN BN BN BN BN BN BN BN BN BN O o a
wards or locally dissipated. We show that collisionless and mildly collisional MTI, a MHD mode of a dilute ' 2 ' ' = ' \e 2.8
. . . L : . e
rotationally supported plasma, can destabilize these magnetized, radiatively lmefﬁ(nent flows and can carry 1 Llo1e 16 ~ i M H D E t -
out angular momentum and can carry out angular momentum and energy in order to allow accretion to 0 q u a ’ O n S
occur. 2
1 e 1.2 ,; Constituent MHD equations of continuity, force balance, thermal energy, and magnetic induction in a
e First, we demonstrate the evidence for hot underluminous accretion onto black holes in which mag- [ 11 g L e dilute plasma, where u =V — RQ(R):
netic fields can play a role in modifying the local transport of angular momentum and energy. This | 2 . 5 3
is denoted as the BACKGROUND. i s . . s ] (a u Qa_qb) p+V-(pu) =0,
e Second, we construct a physical framework for the study of dilute rotationally supported MHD plas- i s "”\_- o o ! . B2 B-VB 1 P
mas. We demonstrate evolution equations in the fluid regime (applicable to the outer regions of i g P (a + Qa_q5> u+ 20z X pu+ Q Rpurp = =V (8_71') + e + V- (Ubb [bb — gH]) =+ %vP()v
these flows) and in the kinetic MHD regime (applicable in the inner highly collisionless regions). We S |_—0.05 0.05 3 /T 9 |
demonstrate quadratic correlations between fluid quantities that correspond to the fluxes of angular 1 ?' 9r ?P; 5 ([a + Qa—gb} p+V- [plﬂ) +pV-u=V"-(¢gb)+ opp (b -Vu-b— gv “u+ Q'Rbqub) ;
momentum and heat in dilute rotationally supported flows. This is denoted as the PRELIMINAR- i 5 5
IES. : o (a+98—¢)B+u-VB:B-vu—B(v-u)JrQ'RBR{b.
Ut
e Third, we consider the instability of an equilibrium hot and dilute disk to the following physical i 8 \
effects: e Fluid: the viscous stress and parallel heat flux are given by the following, where 7, and n, are
, , , , . , , I (electron) thermal and (ion) viscous diffusivities whose values are given by [14],
— In the fluid regime, the magnetoviscous-thermal instability (MVTI) — where both anisotropic ® Galany cluster Pulsar or supernova remnant @ Unknawn 0 : , | , | | | | |
viscous stresses and heat fluxes are dynamically important, and & Beamed AGN [Blazar, BL Lac, §50) ® CV or star 3 4 5 6 log T ( gm—s) 9 10 11 12 1
| N, - ry i 1 (L — . _ _V - / y
— In the kinetic regime, the analogue to the MVTT is denoted as the collisionless MTT. YA O o N ) T o - * q = 3nxb - (kpTe/me), opn = 3pn, (b Vu 3V u + ) RbR(lb) :
: : : . [
We describe the main features of both, as well as demonstrate that these instabilities give the right Evidence of underluminous accretion from Chandra X-ray observations of other nearby galax- i Rotation Measure for Sgr A* o _ _
sign of accretion torque and heat flux to drive accretion in radiatively ineflicient flows. This is denoted ies 180 ' ' ' ' ' e Kinetic: Parallel and perpendicular pressures to the magnetic field, pj and p,,
as RESULTS I 10 | v N QQ 4 v Q
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e Fourt, we discuss further numerical research of collisionless MHD phenomena in these astrophysical Galaxy 8 1 1 -
(Mpc) (x10° M) (arcsec) (erg s™') (erg s ) _ o 5 1,
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NGC 4636 15.0 0.791 0.049 4.5 x 101 < 2.7 x 107® 0 k] A : ) ) 2 Pressures are calculated from reduced Boltzmann equation [15, 16] in rotating frame:
N I M 827 184 30 2 5x10% | ~7x 100 L3 T v oV S 100
Sag. A*? 8.5 x 1073 0.0267 2.2 6 x 107 2.2 x 107 2 5 - A Z %, 0 Z.ekE m I fs
omenciature & g A , ,. g 902 ) £t (b +ul) -V + L Mo gy, ) 2o
pE— ; i S ol O 0 '/'Q YL \ 0 ot o) My PO |
e s refers to the species of particle, whether ion or electron. e ot 12 a 7} N r L ‘ | 0 o 1 . of
Taken from (3] I 5 oo ZH e 60 —b- | |=+Q—|uL+|[u +yb]-Vu, | +-0V-b ® +
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e “0” subscript denotes equilibrium quantity. ¢ prefix denotes perturbed quantity. Therefore, pqy IMass measurement of Sag. A* taken from [5, 6] I 1 oot o 04\,:0® N,
denotes equilibrium density and dp the perturbed density. Furthermore, py refers to the equilibrium | i % s o -5 -10 5 0 -5 -10 4050 200 250 300 350 400 202 - (b x u) — V'Rb, R- (ur +vb) 0 =C{f—s).
pressure of SpeCieS g Right Ascension Offset (arcsec) Frequency (GHz) 81)”
R E O O O O O O O O O W m om om om o= o= o= o= o= =y Evidence of internal magnetic field in Sag. A* from Faraday polarization at high radio frequencies. On the
e 0=rFkg (T;; + Te) / (mp + me) is the normalized thermal energy per unit mass, where 7; and 7, are ion i left is the unresolved 1”7 millimeter and far infrared radio emission from the Sag. A* sources. On the right —u; =u-— (u-b)b is the MHD flow velocity perpendicular to the magnetic field; Ey=E-bis
and electron temperatures, respectively, and m,, and m. are the ion (proton) and electron masses, S a itt a ri u S q sk . is difference between left and right circularly polar;zed radie;tion from Sag. A* as a function of frequencys; the (parallel) electric field that ensures quasineutrality, n; = n..
respectively. g the best-fit rotation measure RM = 4.3 0.1 x 10° rad m™=. This plot is taken from [L1]. — vy and v, are velocities of the particle destribution function f, (vy,v,,x,t), about the equilib-

e vy = By/\/4mpy is the Alfvén speed, where By is the equilibrium magnetic field strength. e ambient conditions from Chandra X-ray data [4] imply luminosity assuming efficient accretion from rium flow, perpendicular and parallel to the magnetic field.
_ 2 : : . o : gravitational capture of Leapture ~ 6 X 10%7 erg s7'. ! Terms in red are mirror forces (arising from conservation of magnetic moment in particle distribution
3 = 6y/v5 is the ratio of isothermal sound to Alfvén speed, squared. This differs from the literature g g p

function); terms in dark blue are noninertial (Coriolis and tidal) forces arising from comoving with
a differentially rotating fluid; terms in dark green are forces arising from equilibrium gradients; and
C (f,) is a simplified collision operator appropriate in the absence of sharp velocity gradients in the
distribution function [17].

plasma 3 by a factor of 2. o F7(?l(§]r%1etric luminosity, primarily in the far IR and mm, of Sag. A* L ~ 6 X 10% erg s™' < Leapture P R E L ' M ’ N A R ’ E S
New MHD Instabilities

In a dilute plasma, even a weak magnetic field (with negligible Lorentz forces) may easily be swtrong
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