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Acceleration Mechanisms

The .‘Dgna.mo" Mode L (Lwe.‘.ac.e..)
CTeRM PAPSR , DWYSics F2) |
T+ has been P-ropose.al (1) that a supsc.rmasliva.

|

black hole (,, iOaM.e) a.c{:inj as an electrie dﬂ-'-amo
'l:e.lj-al:‘mc{-ed- be.a.mé of

dan P-r-o'd.'t;c-e. two oFPosi
altva - re.l-.a:&i‘visfié proéons. The 3me.m-bor ac;-Ion (s

inherent tn '(.'ht. inward rotation of a h:sh

conduc{-inj, ma.3ne.-L-i'u.d. aceretion disK ¢t ;-cLinj

the black hele. The collimated beams Preé.}nja.te_
in the direction of the diskK anju.lar momentum

“4H4 rq /s,

U'C.C'&Of" diﬂd.. hd.\fﬁ- an O(.L‘E’Pu_t‘ PO'UJC-Y"' -~ io

dorresponding to maximum proton energies ~ to'%y,

-.[:M. a { Ks_a,-_u.s's Po(oid.a.( disK n‘laj--n-e.ffc fipld. The

Pro{'on beams e.\fr.n'l:ua“j interaet with ":l'le:
plasma and, via the two-~ stream in{'e.ra.c.]blon, dan

Prodgu.ce_ collimated beams of relativistid

The electron beams are denser than the
Pr@{'on b'&ﬁ!‘hs and T‘LL¢“'€. &ngr&_j tn fh ":OPM'
o-‘: sanchfo%on r‘ad.ia:’:'ion., whieh appca.rs‘ %»s 'H\c..

t . . 0

|
0 |

i
|
i
i
i

Al
!

( :

ambient

f.le.C'(:rons.

tenuous




Assame that a massive black hole. lies in ii'bhc_
denter of a 3«.La.x.5 and. is surrounded bj af"llla.rac.
aceretion disK. Material escaping from local stars

and ionited interstellar Ptasm« is drawn into the
disk. The disk anﬁula.r moementum (s corr';r.lai:e.i
with that of +the accrd:inj matter and wc‘#-k the
3¢,n¢_ra.l. motion of the host sa.la.x.d. WeakK %ggneéfd
field lines {-ra__PPg,d_ in the P(a.sma. become Coﬁtce.n{-rd:ed

d.urtnj the inward s'Pu‘r*a_l as +he Sur-Face.Ealcnsiij
inevreases. The radial dependence of the %‘urpace_
density of a Flat disk can be ,,,Ppm_;miq:’r as
follows : |

Lot the orbital velocity Ug(r) = (G‘ a)"‘;
where My IS the blacK hole mass and -L-hq‘ cﬁna.(_f{-j
derives Lrom standard Keplerian mo{-:‘mﬁ. Also
(et the surface ale.nsH-j a(r)= mass 4t ﬁndu‘us et

area
Now MG.KC- the qFProx.FMa:}:ion 'H'tai' +he Erﬁu.icu‘o{
radial motion of the matter (s Pr‘of:or{-iéonai +o
the orbital velocity | but much s'malle.ﬁl' —
' |

(2) 1
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| Y
U (F) = EUy(r) = € -G"'u) | where [€<<1,
| o f
Congider an annular _se.cfion of the diskK c'._on{'aini'nj

a Ma.Ss elemenk Udm! of the total disk v{Tns‘S “m’

i _f.‘..'..”"—:: .
| rae - ™
dm Y (i ; -
&/r) = . ¢ (thner radaus)
) Trrdr o~
- (ou-i:crmdms) T4 ’
yre \ s
2 40 "
it area. = % mTrdr
= . ﬂ_na' = r’;l.. = m
T r W (N 2Tr & (Grmu Y" ZTF%}-&-JG My
T

Thus o (r) is Propor{-ionai. 4o the rate at %)I-u'ch
n Has:;‘umwl

mass enters and leaves the disK (he.re.i

eg}a)- and do'ns{-.a.nt\ and. Invc.r‘sc.l\-j Pmrjiond
+ the S‘ts.a.rc.-roo't'
{'l“lﬁ- d_{sk T‘dd-iu-s) S0 ‘FD'(' COI'\S‘I:QI'\'{: MH) ‘

S oc :B,& ('.)’ IJ

of the blacK hole 58 and

e(r) & ;
L'r-) c-orr'c.spohols to the lines £ flux

where By
ed in the diskK with the accumulate Flasma..
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“To an observer (n a non—ro%:a.-!:inj rc{c.ﬁL.rwc

frame there (s a radial eleetrie -Fi‘e.ld,
E.(r)= - Y4g (r) By (¥)
¢

The Po{'g.rd:ia.l across the disk (s then

r n |
Vie = { E, (Y‘) dr = -_ZLI u'(r)‘,qf(_r)d,r

l"i r‘

where the inner radius Y, s ale.'l:c.rmi_ne.d! bﬂ
aSSumiv\j a Schwarzsehild (non-r‘o{'a.'&t‘n: \

blacK hole (Z) and ‘L'a.Ki’nj the smallest s‘é#blc.

cireular orbi'l:,

_ 3
r ~ 66GMy ~ (5x 5.6'71.1«10"“-,23-'3‘:;-.) (2*10 Kg
* a* qv 10 mi/s™ !
Z to'" wm [ My = 10“’cm My ‘

|
where M@': 1 solar mass = x40%° Kj’

.\

€
108 My

nd. the

suter radiug 1 > 7 (s taKen to be the Poan{—

where the roi:a.#:fnj disk can be aLa‘s-éinj_a's‘hc.cL

from the ambient PlaSma.. To ole.{'e.rthw_ +he.

magnitude of the disK petential, let

:B%LT') = A r“"/‘;‘ fhc.n A= Be(r?’rih'

() !‘?
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Now assumce that A Corre.sPonals to the
ﬁi‘e.l.d s*frcnsi‘k which occuré at r=7"r; \ S‘Gi

A= By (n)n'™ = B, (é‘c':lf%%

where Bs = Ba (rl) ( maximum field s-&ré.nﬁt-k).
Thus Vi T -6 B (Gmu).om( ) Shﬂlinj to

Pra._c'&u:a.l MKS units (ve l-&s‘),

more
|
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- |
For the assumed values B, ('r',_\ = B, & 10’#““,

MHg iOBM‘,‘ 4“_&,. Y'Z,_ ~ 40 "'1,

_ ~ 19
eV, =-L x40 eV

To fFind the Mas_ne.":ic‘. Flux 'Ehr'ou.jh the di#K,

H

I

- r'l— I
é = fﬁ + dS = [ 3% (\") 2Mrdr :
Y,

disk | 1

M 2T 3 {'s/
= 2'17Af r.vzd.r- = 2TA (QA"q 1..)

3/o
url | 4
U.S'inS T =4 .1.-()1 ém ({%"'LN_‘_OB and. mu.l.‘bipljtrij an

34 7 34
14
HT B 10“ em My %(10 em My, % -

3/ : 2
~ ""%1031 B _ 3( [\:H \‘z. (.E'—} * 344453-'“\
Ksa..uss' 10° Mg ry !

To set -H-'\e. time scale -For AisK Flucfuw%fans,
wse the orbital Pe-f‘iod- at the {nner r*ari'ms,

o o~ Up(r) = (GMH\”"
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Since I = 6 GMy = 101 cm(MH \ |

c* 108 M, )’
GMH = 6"101qu Mu at
102 M, ) ]

e [ ) o)
1-0 Mo |

(iOH dm 8 o BJ 3/2 |
"3:‘(2-‘!5»1()'1 ) C( My )

108 M,

T (Pcriod\ = }'—I = (MH Sc.coru%s
10%Me |
For large-scale changes in the. e.s'-l-abLashk.aL

maane.{:tc Lre.LcL the time scale can be é,sétn&a.{:ui |

ba_ i/& (tnd.ucfancc. over r&S‘ts{fmac.)
Jince f’l'lc. d—ISK (s Uc'rfj (a\':je.- and l‘Lljij
the Li fetime of the ma_jrpg,-&;d_

COnd.uc'l:fnj ,‘
fField (s e.xPe.d:c.al to be the same as Hc_

‘.‘FC.“:‘IMC. O'p -H‘lc. d.nS‘K tfs‘c_l'F ’ﬂ'\e. d.X-L{jmmc.'tf‘ld

Field may | hou.)f.vc.r be o¢¢asmna“j af%f.f bfj
%urbu.lc.n:& fluid motions within the di

Q |




The disK P,i&n'&ial Provid.e.s the me.cl'\anigl_!a‘m for
article acceleration. Assume that H\e. re.jif ns just
above and. below the diskK cdontain ne material, while

-t}\e area outside the ¢y linder r=1, Can{‘aﬁii
elec{;r-icallj newtral Plasma. The AisK Po{'e.n
jdauses a vaduum field above and below ":H]

S‘hown h-e..ﬂ. tn emss-s‘a.aéion,

TARVES 0, where V(T 0) (s 3a‘ucnl : |

B
V{r, 0)= v(r, “)= 0
“The eiuc Pote.rd:ial. gsurfaces E _
are intersected ok riaht L -
anslbs‘ 53 the Lines of  m—re T
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electrice force. The C:Lis'l{ /

order ot maﬂnt{:ude. of
+he electrie field near

the inner e.d.je. of the
disk can be estimated as Vy, /e ~ 10

s

fal

[volfs/m.

the disk

Tl'\e. Liﬁf-s O‘F ma.ﬂne.éi'c 'FLU..\L embcd_,d,e,d, n

are e.x.p-f.c_i:c.ot

so that a Flux 'bu.ild.u.p does not odcur
the 2=0 surface. The trapped lines are
arbitrari lj +o poinf in the nc.ja.{:we. % d

(8)

4o reconnect in the region

r(.r‘i)

- roujh
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The reconnection lines thus point in the F°""’|F*N°' z

direction, as drawn.

I
The force on a Froton bj the electrie -ﬁLLd. (s

1 |
eE ~ (1..6 xiO'"“,,LQ(.{O?v/m) ~ 10 tnf, i

while the force due to the jmvi{’a{:ional pull of

|
I
;
i
I

the black hele (s |

10® m> |

R
~ L% 107 nt '

GMymp (‘ 12107 M/ "1“‘3 (216" kg) (11 4;‘“’-“"3)

The electric '(:orcc. thus exceeds the jmv}l‘n‘:a.h‘onal

i
force bﬂ a factor of about 103! The e.l.e.c'.[l

field is smaller +han the PoLaid.a.L ma.jke.{:ic

field, since . fl

E* . Ug = GMv o L
B, ok arr, 6

Protons are acee lerated off the inner di}rK

trie

Surfacc. with c.ne.rjte.s A 10”¢.V +o for T
opposite ly- directed htjhlj-re.ta.éfv:s@
dha-rse. bu.ild.u'? (s pr‘e\IcntcaL bj a _S'foweﬁj
current (n the N.di‘an. r>r, and {g' #

(7) |
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I =¥%cV, , where. X depends on f'hc_ﬂwmul: and (s
on the order of u.mij

Then (in the ¢gs 5‘3-61"-"‘)

T = x(3» wwcrrl/s)(s’t‘\( 10 d"t“&’\ é@%) h(%)
197 ( Ksms's (—‘H—\E& ( M \ si'd'MP‘

b |
= 3x10 s'{a a.mps)

Each Pro-E'én bm is spadc-charje. Limited,, wj current

IR

and u.sinj H‘te. convc.rswn { amP

£z 3x10"x (2 \(M” \ﬁk(.ﬁ-—\ amp
ij“‘ 108 Mo i

The power in cach beam is thus

3 T 2
£ v 2 3 8. UMy Yo n) ¢
Fooam = T 5 310 K(Ke: \(ﬁ'mﬁ (ﬁ” 7'1') i

The dﬂvmj ﬁorcc. (s Suppl.tc.d. bﬂ the Smwl:a.itona_(

—t——

¥

force of the blacK hole which powers éhe.faccre.bon

disK. Some disK anjular momentum. is|lest

S'uppor'l:tnﬁ ‘L‘l’le, self- electrie -Ci'e.ld o'p ’Hu.

n

be.am.s\ and soeme is carri ed out 53 the. Po(ofd.a.(

Maﬂﬁ.c.'bié ffc.'.i.

(Lo) |
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The llmnhnj lorente factor is obtained -(:ronﬁ the.

maximum accelerati ng Poﬂ-n{:tq,l ‘

m' d“ KJG.GSS‘ Los MO %‘

The dx.ns'u‘hj of Pr-o*l:ons' in the beams can b

estimated from +he current bj assumin
pro'l:ans‘ are ms:nj £rom +the +otal disk

) ) Ghe) )

&'ﬂ' (G_, - T‘") A

ﬂbn.m edA

Using the conversion factor from amperes 'E'l‘\g__
number of Pro{'ons iey 4 coul /s = 6.24 %Lo}r e./s

~ (3%10° " soul/e)(6.2% 10" % /coul) K [Be )/Mp@u

e"lf(_‘},: /f’)fl"(sxio m{s’) (KJ"“"‘

Npeam

and using =~ 1o* am LOE{M\ \
| o

e

The ratio of the enerqy dz.nsrlj of the Profo’h beam.
{‘he. e.ne.rjqj d.&'\.S‘L“:‘S o‘F H\c. majnc.":‘l'd ield

dan now be -FoumaL ust nj the above %‘d:“ﬁng

1

(1) ]e

{




where the ratio is denoted [:3 B, near the Jdn‘sk)

\60 - ST n-bumn mpc'-

B
~n 3T (2%40") X (_E.Er_..
™ J‘J.LSS
Be i'

~ 0.7 X "L.Y‘(ﬂn _’.‘f.-..Y' |
ALY g% '

Pr rp 1 ' Bo << 1 and the ma:jne.ﬂc ﬁﬁ‘e.ld.
energy d_e.nei{-j is much 3rr_ai:e_1" than the $e.4.m
eneray ale.nci-éj. The accelerated Pro'&ons?éf.nal

Lia field lines in a force ~

+o follow the magne
free cant‘-ﬁ.ura:l:ion. A small value of “5‘ lends
majn@-’k'p hbd'm Ajmmid s“!':a.bi(i-l-j 4o be«.+: which
are neutralized by plasma (3). |
A small toroidal self -Freld Surroqia.nd.s

each beam but this is small if B, <% L.

Tl\g, CigLA oPPoS'e.S ‘H’lc e.-(-:Fe.cf op Cha.rje__l?'gf)ds(om
‘t-o co (Lt'm«.:l‘e. 'l'.'l'lf_ be.o.m_ (P]nch

oy

and '&cnals
'C'CGCC t\ .

(12) |




AuJa.j ﬁ;‘om the dis‘k’ the ratio of '“'te. bmt{t\ +o
field energy densities (8) mé.:j be. very hiji_ilx. Beam

d.i‘ue.rsane.e. then occurs as a result of ba
motion | pos'sfbl:j requcEnj in radiation
‘H"IC track GU.T'VGL‘{:(LV’E- . T"'le_, 'rcsiu.'.fam.t. F

would have an enerqy about

? 101.0

\“ {stid
due to
ho{‘on.s

T
'3{ ¥’ fie o 3x10*’ (‘( Y _._Jioi‘ '—‘) eV

F

where (O is the radius mC curvature a{‘ H-n%. truck.

A't some d.:'s‘fa.née.. lZl > Y‘z_ 'H'\c_ Profon E{;mm

besing 4, interact with the ambient P‘f

[as M

via the two-stream interaction and ?roatucas

a relativistie electron beam. The 'ﬁwo‘
 thus Lormed are collimated in the dire,%
the orisiv\al beam axis, but -&he.s ‘““PE"Li

bea.ms

tion o'F
la lose

enerqy in the Lorm. of incoherent s'jnc%.ro-!:rom

emission, T‘\'\e. -Ci‘v}\a.l result s 'v':'u.)o- (a.vjﬂe. axreas

oc radio emission extended a.x..fa..uj a(tnj +he

mmd:'rj axis of the super massive bl}|

Ss |
93 s‘l‘x.-m.- J{

(£3) |

CK holc..



!|
Some Pro’c-ons may accelerate to Sma:l: dfs#unce_s

i
|

without collision, (e, [2] >> (i pe - .lME

These Pm'l-ons will escape the sjs’{-c.m wi

i

)-

thout

‘_a_rse, sﬂnchmh‘on lesses Provndc.d. +he_\a,mb;m{-

magq netie field s'%ru\\j-l-hs are small, ~.f,0 gauss,

The Prod.u.c:hon of electron- Pas‘l{‘r‘or\. P‘#

[ow energy Photons would become suﬂn.t

(£ the P-hofon [umnr\os:'lj (s hzah >io‘lr

irs off
Licant

erg /s

‘DSHA.MO souréees near 'H'\.e. Ear‘:"\ ma.j t;yu.s be.

regponmblc. -por an upper Por{:lon o-P-H\
ray S‘Pea'l-ru.m (10“‘—» 10%% e V) [
h
!
i!
'f

(t4) |
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