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                Black  Holes and  Relativistic Jets

                          R. D. BLANDFORD')
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                          (Rcceived June  ]3, 2001)

   There is strung  observatioT)al  evidence  that  AGN,  Calactic X-ra.y･ transients and  Cprob-
ably)  1'-ray bursts ure  associat,ed  with  blac:k holes, and  t,hat, these source,s  are  able  to form
collimated,  ultrarolativistic  outflows.  [I]here is much  int.erest in trying  to understand  how
these prirne movers  are  able  to release  eiiergy  from accreLirig  gas aiid  their own  spin  energy.

Electroinagnetic  field plays a  large role  ill man.v,  of  the mechallisins  under  actix,e  considera-

tion.  In this  article,  several  of t,he inaiiy  possible 
[imetabolic

 pathway, s"  t,hrough  which  mass,

angular  momentum  aiid  energy  can  flow･ around  and  awa.v  from blaek hele magnetospheres
are  discussed. Part,icular iuiportance is attaehed  to the illteractions bet",een t,he i]']fiowing
disk, the out,flowing  wind,  the blac'k hole and  the  jet. Some  importarit unresolved  questions
are  identified and  it is argued  that  Iarge scale  numerica]  computation  will  almost eertainl.v
be necessarv  t,o address  them.

                             gl. Introduction

    As is well  known, one  of  the  first proposals t･hat was  made,  soon  after  the  discov-
ery  of  quasars in 1963, was  that they were  powered  by accretion  ont,o  massive  black
holes, i)'2) The fiindamental reason  why  this proposal was  inade  was  that quasars
were  known  to be prodigiously powerful, with  luminosities equii,'alent  to hundreds

of galaxies, and  that up  to "v  0.lc2 i  1020 erg  g-i ef  energy  per unit  mass  could

be released  by lowering rnatter  close  t･o a  black hole. This eficiency  could  ba over

a  hundred times that  traditionally associated  vLrith nuclear  power. Since this  time,
we  have also  learned about  black holes with  masses  rv  5 -  le A'I,o in Galactic binary
systems,  gainina  ray  bursts and  ultra-luminous  X-ra,y sources  which,  with  decreased
confidence,  we  also  associate  with  black holes, primarily. on  energetic  grounds.
    Simultaneously, remarkable  progress  was  made  in understanding  the t･heoretical

physics  of  black hole spacetime  and  in the  decade fo11owing the  discovery of the Kerr
metric  in 1963, the geometrical  and  kinematic properties of  the exterior  spacetime

were  compreheiisively  understood.  A$  a consequence,  any  physical  process thaS
could  be described in a flat spacetime  could  also,  in principle, be computed  around

a  spinning  black hole. In an  almost  literal sense,  the stage  was  set  for interpretillg
the  extraordinary,  obsarvational  discoveries that followed and  t･he fact that, we  still

do not  posse$s  confident  and  widely  accepted  answers  to mest  of  the most  basic

questiolls c:oiicerning  AGN,  X-ray tra,nsients and  GRBs  is tliat we  are  still wrestling

with  trying to understaiid  non-relativistic  processes. most  not,ably  those  associated

with  electrornagnetic  field and  gas dyna,n]ics,

    Astrophysical black holes fbrm a  two  parameter  family, [Fhey can  be cem-

pletely characterized  by their mass  
'trL

 aiid  specific  angular  moTnentum  in geometrical
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units  a.4) The  mass  simply  provides a  scale  of  length, time  and  energy  alld pruvides
the basis for our  discussing stellar  and  massive  holes simultaneously.  By, contrast,

black holes are  almost  surely  spinning  quite rapidly  as  their surroundings  are  alwa,ys

endowed  with  far mc)re  specific  angular  momentum  than  the  maximuin  that  holes
can  possess  and  this seco"d  parameter  introduces sorne  qualitatively. new  f'eatures.

(Charged black holes caii  also  be described and  are  proving to be extre]nel,y,  valuable

to the theoretical physicist; however  they  are  thought  to discharge almost  immedi-

ately  under  astrephysical  cenditions.  In addition,  there  reinains  the  sliin  possibi]ity

that･ general relativity  needs  to be modified  in these environments  and  astronomers

are  obligated  to test the theory  whenever  they  can,  Here, though, I shall  assume

that  the  Kerr  rrietric  is all  that  is required.)

   In this article,  I would  like to preseiit a partial summary.  of  some  general ways

by which  gravity, spin  aiid  electromagnetic  field can  combine  to power  sorne  of  the

inost  extensively  observed  high e.nergy  phelloirieiia in astrononiy.  I shall  first give a

quick list of  some  of  t,he more  pertinent pieces of  observational  evic'lence  concerniiig

black holes. Then  I shall  discuss t,he fdur elements,  the  disk, the  outiiow,  the hole,

and  the jet･ where  electromagiietic  fields are  believed to be relevant  and  I shall  go on

to describe the  erucial  electroinagnetic  interactions between  these  four elements.

   I should  inake  two  apologies  in advaiice.  First}y, if this article  is read  by anyone

who  actually, attended  the meeting,  they may  notice  that it contains  material  that I

did not  discuss. This is because I have lost my  notes  and  viewgraphs!  Secondly, , the

literature on  this subject  has become quite large and  I apolog'ize  for only  referring

to a  few representative  articles  which,  I hope will  provide ongoing  acccss  to further
research.

S2. 0bserved  black  holes

2.1. AGN

   AIthough the  first direct evidence  for the  existence  of  black holes was  garnered  in

1972, the  observational  database has growll impressively. over  the  past decade. It now

appears  that  most  norma]  galaxies with  the possible exception  of  types  later than

Sbc. harbor inassive  black holes in their nuclei  "rith  rnasses  fr()rn a  inillioll  t() several

billion solar  masses  measured  dynarnically through  the rnotions  of  surrounding  stars

and  gas, It appears  that the mass  of  the hole is correlated  with  thc properties  of  the

sun'ounding  galaxy, inost  recently  with  its ccmtral  velocity  dispersion a5)

                     AIH N13 × 10S (2oo 
k{.

 
,-1)

365

 (2 1)

Likewise, it has been possible to nie,asure  nearly  twenty  black hole masses  in accret-

illg (often transiently) binary, systems,  "Je really  have no  idea as  t･o the nurnber  of

single  black holes orbiting  our  galaxy although  candidate  ol)jects  have been reported
in rnicrolensing  surveys,  ]v･Iore recently,  a  several  cornpact  X-ray sourc.es  hai,re been
reported  iit iiearby.  galaxies radiating  well  above  the  Eddington  limit fer stellar  mass

holes, These are  conjectured  te be intermediate heles with  masse$  >  100 )･Tc,･. possi-
bly forined at  very,  early  cosinological  tirnes, Fiiially. , although  the  evidence  for this
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is purely theoretical, rnost  contemporary  models  for gaimna ray  bursts involve either
the formation or  the augmentation  of  a  ste}lar  mass.

   There  have  been  advances  towards  the important･ goal of  measuring  t,he second

parameter, the  spin.  Firstly. 
,,
 ()bservations  of  sorne  nearby,  lower p{/)wer AGN  at  X-ray

wavelengths  have revealed  iJery broad iroii lines.6) These are  believed to originate
in fiuorescing gas on  the surface  of  an  accrction  disk an(l  the  strong  gravitat,ional

plus Doppler  redshifLs  that  are  observed  indicate that the disk is located very  close

to the  event  horizon. Now  it is known  that  Keplerian orbits  are  oiily  stable  beyond

a radius  r =  6Tn, for a  non-spillniiig.  Sch"iarzschild hole and  disks exterior  to this

radius  would  only  produce  narrow  lines. Therefore, it is argued.  the  hole must  be

rapidly  spinning  as  t･his allows  the disk to exist  right  up  t,o the horizon. A!t,hough
t･hcrc arc  concerns  that･ gas on  unst/able  orbits  pluriging into the black hole rnight

also  fluoresce, the  conclusion  seerris  reasonable.  (Not,e that  this inethod  furllishes

the ratio  a/m  and  does not  give the mass  separately.)

2.2. X-ray  binaries

   Another  approach,,  that  has been develuped in recent  years, involves the  inea-

surement  of  quasi-periodic oscillations  from black hole X-ray binaries,7) Here the
ew  1 -  10 percent,  q ptJ･ 10 -  500 X-ray variations  are  thought  to come  from modes

associated  with  the  accretion  disk, (To be more  precise, t,he disk is thought  to be

the tiinekeeperl t,he ver.y  hard spectrum  of  t,he einissioii, strongly  suggests  that it

originates  ill a  corollal  i'egion  that  is excited  by the  pulsating disk.) The  exact  na,ture

of  these modes  rernains  cont･roversial  however. Local waves  involviug  horizontal aud

vertical  epicyclic  Tnotion,  trapped  norllial  rriodes  that iiiay require  reflection  flroni an

inner edge  and  magnet･ic  modes  have all been  invoked. "J'hat is noi,  at, issue, though,

is that all of  t,hese inode  frequencies depend significantly  upon  the spin  of  the hole
in addition  to the  rnass,  aiid  as  souH  as  we  can  agree  upon  the  ty. pe ef  wave  that  we

are  seeing,,  it should  also  be possible to measure  the  spin  frequency of  black holes as

well  as  their rnass.  In additic)ii,  there  is the  challeiige  of  usillg  
C`diskoseisiuology"

 to

test gelleral relativity.  , just/ like helioseismology ha$ been  used  to test stellar  physics,

2.3. ,Jets

    Ui'idoubt･edly the largest body of  observational  data, that pertains to the effects
I have been asked  to discuss, is associated  with  relativistic  jets, These  are  cormnollly

foiind to acconipariy  a  rriinorit･y  of  active  galactic nuclei,  especiall}y  those associat,ed

"/ith  elliptical  galaxies. The ultrarelativistic  outfiow  speeds,  have Lorentz factors
that  are  typically fr' N  10 (and which  could  be much  larger), strongly  suggest,ed  t,hat

the  outfiows  are  formed quite deep in the pot,ential well.  This inference has received

support  from  VLBI  observations  of  M87  which  show  that  collimation  takes place
within  rv  100'rn.8) Observatioiis of this source  also  demellstrate that･ the  jet power
can  apparently  exceed  the bolornetric power  of  the  accreting  gas and,  in general the

jet phenomenon  has to be seen,  on  cnergetic  grounds, as  an  int･rinsic part of  the

accretion  process. In the case  of' C,ygnus A, for example,  the  jet power  which  inflates

the  two  radio  lobes, Iocated well  outside  the  optical  iinage of  the  galaxy. must  exceed

ev  1045 erg  s' 
]
 
,
 comparable  with  the bolometric luininosity of a  typical quasar. 

9)
 Jets
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are  illcreasirtgly beillg found corinected  to accreting  Galactic black holes, the so-

called  Galactic superluminal  sources.  
iO)

 As these  probably involve similar  processes
to those occurring  in extragalactic  sources,  they  are  well  worth  stud,ying  because

the c:ycle times are  very, short  aiid  give a  far bett･er sarnpled  dataset for studying
accretion  processes.

   Our inost  det,ai}ed nieasurenient,s  ofjets  c()ine  from obscrvations  of  young  stellar

objects.  
ii)

 Here, we  are  able  to infor speed  and  density as  well  as observe  the strong

spatial  inhomogeneity, Of course,  there is no  black hole, but the  presence  of  a, disk,
witlt  a measured  niagnetic  field, as  well  as  a, souree  of  free energy  associated  with

t･he relative  a,ngular  velocity  bet･ween t･he inner disk aiid  the  rnore  slowly  spinniiig

hole, may  well  allow  it to funct･ion in an  essentiall>,  similar  manner  to the  AGNs.

2.4, Solar corona

   Another source  of  indirect. though  no  less promising, intelligence, is the solar

corona.  
12)

 [l]here has been  a  revolution  ill solar  physics, clue  largely to observatioiis

bv  YOHKOH.  SOHO  and  TRACE.  Observations of  the  behavior of  the  active  corona tt t

should  allow  us  t,o divine t,he true behavi()r of' cosinic  inagnetic  fields in the bulk. Fun-

dainental processes like topological  rearrallgernerit,.  recc)nnection  and  the  forniation

of  shock  waves,  can  be monitored  on  a daily basis and  ought  t,o be milder  versions  of

similar  processes taking  place above  t,he surface  of  a  mere  rapidly,  and  diffk)rentially,

rotating  accretion  disk,

S3. The  fbur elements:  the  hole, the  disk, the  outfiow  and  the  jet

   VLre have einphasized  that there is still no  agree,inent  about  the, fundainentals oi'

the  flow of  mass,  a,ngular  momentum  ancl  energy,  around  black hole,s. Part of  t,he

problem  is that these mechanisms  may, vary  considerably  from one  cln,ss of  objects

to the  next.  After all, we  iieed  to explain  why  broad  al)sorption  Iine quasars  differ

ft'om powerful radio  galaxies and  so  on,  It may  be helpful to take  a  
'"s>rst(,i,ms

 engi-

neering"  approach  and  suppose  that the four essential  elements  are  the, hole (surely
spinning),  the  inflow (alniost certainly  iii the  forni of  a  (lisk  or  a  torus),  the  outfl()w

(a wind  dcrived froni the disk) and  t,he relat,ivistic ,iet, (that derives froin t,he region
aroun(1  the black hole). The  difliculty. of  the  problein is tlia,t there are  interactions

between  all pairs of  eleinent,s  and  rnost  of  the controversy  coines  abouL  in assessing

the character  and  strength  of  these interactions. However  let us  first consider  the

individual eleinents  (considered whiinsically  usiiig  aii appeal  tu Greek philusophy)
III tUrll,

3.1. "Ear:th"
 thehole

   As mentioned  above  black hole astrophy$ics  is almost  exclusively  studied  ill the

context  of  the Kerr metric.  Tliis is pragmatic  because it is rnuch  harder to ainass

eviderice  frem  observillg  black holes that  generai relativity  failed ill this regillie, than
it, is t･o interpret what  we  see  assumiiig  that it is correct,
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3.1.1. Reducible mass

   As is well  known,  a  non-rotating  hole introduces an  event  horizon with  radius

r'+ =  2m  (G =  c =  1) illto the  spacetime  across  which  radiation  and  plasma  can

only  cross  inwards. Iii order  to describe the  spacetirrie  surrounding  the hole, we  inust

int･roduce a  coordinate  system.  The  easiest  onc  to use,  Schwarzschild coordinates,  has

a  pathology at  the horizon and  kinematic thought experiments  have to be int･erpreted
carefully,  often  with  the aid  of  alternative,  non-singular  coordinate  systems.4)  For
example,  particles remain  outside  the horizon after  the Schwarzschild tiine coordinate

  essentially  time measured  at, infinity, has advallced  by an  infinite amount,  For
this reason.  black holes were  once  called  

`[frozen
 stars".  However,  this is not  a  usefu1

way  to view  the phy. sics. According to a  clock  at･t･ached  t･o an  infalling particle, it
on}y  takes a  finite proper  time to cross  the  horiz･on.

   Rotating black holes exhibit  the  efR]cts  of  spin.  The  radius  of  the event  horizon

in Boyer-Lindquist coordinates  --  the generalization of  Schwarzschild coordiiiat･es

changes  to

                         r+=rrb+(Tn2-a2)i!2,  (3-1)
where  a  measures  the  angular  momentum  per unit  mass,  In addition.  the  spacetime

is dragged in the direction of  rotation.  In practice, what  this means  is that  a  rr}aterial

particle, that  c)rbits  the  hole at  fixed latitude and  radius,  must  rotate  with  respect

to infinity urhen  it is within  a  region  called  the  ergosphere  which  is defined by r  <

r,,g. =  Tn +  (Tn2 
-
 a2 cos2  e)if2, To be more  precise, the allgular  velocity  of these

particles (which reqtiire  non-gravitational  forces to keep them  on  their traject,ories)

iriust  lie between two  lirnits

                            S2rni"<S2<S2max (3'2)

and  S2.i. >  O within  the  ergosphere.  In the limit as  r  
->

 r+,  S2rnin -  S2inax -  S2H =

a/(r+  +  a2)  which  is defined to be t･he aiigular  frequency of  the  hole. (Of course  this

angular  frequency cannot  be measured  directly as  the spacetirne  is axisymmetric.

However,  it can  be ineasured  indirectly usiiig  gyrescope precession, etc.)

   One of  the most  perceptive theoretical discoveries that was  made  about  black
holes was  that, when  they  spin,  a  fraction of  their mass  could  be ascribed  to rotational

energy. and  was,  in principle, extractable.3)  This is inost  convincingly  demonstrated
by observing  that there  exist  orbits  of  test partic]es with  negative  total energy,,

(includillg their rest  rnass),  within  the ergosphere.  This irnplies that if, for exainple,
a  cloud  of  plasma  is attached  to magnetic  field lines, aiichored  at  large distaiice and

this magnetic  field drags the  cloud  backwards  relative  to the  rotation  of  the hole  so

that  it is placed onto  a  negative  energy  orbit,  then  the  work  that  was  performed  in

p}acing the  cloud  onto  this orbit  can  be thought  of  as  energy  that  has beeii extracted
from the spin  of  the black hole, i3) After the cloud  has crossed  the event･  horizon, the

gravitational mass  of  the  hole will  decrease by, the  mass  equivalent  of  the  work  that

was  performed. (Note that this is a  purely classical  process, in contrast  to Hawkiiig

radiation,)  Obviousl:r, this requires  that we  define energy  (and angular  momentum)

in a consistent  fashion, and  this happens naturally  when  one  uses  the full machinery,
of  general relativit}r.
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   When  we  generalize this idea, we  find that  associat･ed  with  a  black hole of  mass

rrt is an  irreducible rnass  rn,o  relat･ed  to rn, through

                           rri =::  7no(1-!32)Tl!'2.  (3J3)
where  fi =  a/2rrbo  =  (aS2H)i!2 <  2-if2. The  reducible  mass,  7n  -  Trte is available  for

powering  high energy  einission.

3,2, "Water"
 the disk;

   The accret,ing  gas almost  certainly, has sufficient  angular  momentuui  t･o form a

disk or  a  torus, if t･he pressure support,  is substantia],  Several different modes  of

accretion  have been proposed, depeiidellt upon  the rate  of  gas supply  and  possible
other  factors, like the  spin  of  the  hole, or  the  st,ellar  e.nvironment  (binary cornpanion,

massive  star  envelope,  dense star  cluster  and  so  on).

3.2,1. Thindisks

   Iii the siinplest  and  most  stanclard  t･ype of  accretion  disk, the  flow is supposed

to be stationary  and  efficiently,  radiative,  Oiie pecnliarity of  thin, radiative  disks,
that has consequences  for what  follows, is that when  the torque, G('r), t･hat drives
the inflow is local, then three times as  much  energy  is radiated  from ari annula,r  riiig

(well removed  from the disk boulldaries and  assumii)g  a steady  state)  than  is released
by the infalling gas. The reason  for this is that the torque that the inner disk exert･s
on  the  outer  disk and  which  balances t･he infiow uf  angular  momentum  Alr(rn7')i/'2

(where ILf is the accretion  rate)  does work  at  a  rate  G9  which  overcompeiisates  the
inflow of  binding energy.  Thc  divergence of  the  energy  flux is -Gfd9/dr  which  equals

three times the rate  of  release  of  binding ene,rgy..  Energy  is conserved  overall  as  the
boundary  conditions  ensure  that  there is a  shortfall  in the eiiergy  radiate,d  close  to

the inner boundary  of  the disk.

3,2.2. Adiabatic accretion

   At sufficieiitly low accretion  rates  the  energy  that  is created  by  viscous  dissi-

pation may  be almost  completely,  t,aken up  by the ions. (There are  soine  plasma

physical arguments  that, this is indeed what  happens.) Under  these  circumstances,

the  gas cannot  cool  and  maintains  a  pressure scale  height coniparable  with  it/s radius.

However, this cannot  happeii too close,  to the syrrimetr>r  axis  where  horizontal. cen-

trifugal force cannot  oppose  the  vertical  pull of' gr'avity. and  a  fuimel is expected  to
form. There  should  still  be a  viscous  torque  carrying  allgular  morrientum  outward.

It turns  out･ that the  energy  dissipated by this torque  is sufficient  to unbind  the  gas.
It has been  proposedi4)  that, under  thcse conditions,  iiiflow intu the hole should  be
accompanied  by  prodigious mass  Ioss from  larger radii  driven by  the  binding energy

released  by  gas as  it crosses  the  horizon. (Under these circuinstances,  the gas is

likely to be convective.)  The  oHtflow  is most  commonly  argued  to be maglletically

driven. 20

   [Fhere are,  at  least, two  alternative  views.  Under the  
"ADAF"

 prescription,i5)
the flow is conservative  and  t,he released  energy  is adverted  inward  acruss  the horizon
in a  quasi-spherical inflow, Under the accretien  torus model,  

i6)
 the inJier surface  of

the disk has a  very  small  billding energy  from which  gas falls ballisticall.v onto  the
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hole and  the  overall  radiative  effic,iency  is very  sinall.

   These  matters  have become  import,ant in interpreting recent  Chandra observa-

tions of  massive  black holes in dormant  galactic nuclei.  These  show  that  the  heles

are  spectacularly  underlurninous,  c}spccially  in relation  to the estiinated  rate  of  inass

supply.  The best studied  case  is surely. our  Galactic center.  where  we  know  the hole
inass  to be 2.6 × 10(i A･I,.,,, and  the rat,c  of  rnass  suppl.y  is roughly  AJ  1022 g s-i  while  t,he

beloiiietric: luinillo$ity is AJ  10:'i6 erg  s-i.  
i7)

 The detailed X-ray observations  suggest

that  the einission  is due  to nonthei'Tnal  ernissioTi  fi'orrL close,  t･o the  hole.

   There is allotlier liinit vLrhere  these considerations  niay  be very  iniportant. This

is wheii  the rate  of  inass  supply  is inuch  greater tlian the Eddingtoll rat,e and  t,here

is iio djfficulty in eitiitting  radiation.  The  prc}blern is in allowing  thesc photons  to

escape  f'rom the 
rrhoinson

 thick inflowing gas. Again, it is likely that, the  inflow is

efrt]ctively  adiabat･ic,  Cthough recent  intriguing suggestions  as  to how  radiat,ion  may

escape  through  inaglletized  (;hannels  challcngc  this view,  
i8))

 However, if we  suppose

that  super-Eddingtoii  accretion  is adiabatic,  tliell it too  iiiay be acconipanied  by

prodigious mass  loss. Perhaps  t,his is what  is happening in broad absorption  1ine

quasars (BALQ).

3.3. "Air:"
 

-
 the outflow

   Having  made  the case  that accretion  at  bot･h high and  lew rates  is acc()inpanied

by powerfiil "/inds,  it i$ "rorth  tliinking about,  the  iniplicat,ions. "t'e already  kno"J
t,hat these  "iiTids  are  a prorriinent feat,ure of  accret,ion  ont/,o  young  stellar  objects

and  they  inay  well  carry  off  much  of  the angula,r  moment･um  and  even  much  of  the

liberate.d e.nergy.

   As "re  disc:uss fui'ther belo"i, these outflo-rs  inay  or  inay  not,  collirnat,c.  If they  clo,

thell they become jets and  are  likely to be able  to propagate to large distances from
their sources  as  is ebserved  in radio  galaxies, quasars and,  espec:ially,  y, oung  stellar

objects,  If they do not.  t,hen t/hey are  likely to bec:oine supersonic  and  pass through

a  st,rong  sh()ck  when  their inoinelltuin  flux falls to inatch  t,he ainbient  pressure.
These  shocks  could  be sources  of  nonthermal  emission  as  they  are  !ikelv to accelerate                                                   L V

relativistic  electrons.  In addition  they･ may  have an  irnportant role  in shaping  the

accretion  flow.

   The BALQ  outflows  are  particularly  interestiug as  it is highly likely that they

are  subject･  to additional  radiative  acceleratioll  due  to the ineineiituin  flux car-

ried  by thc L'absorbed"
 (actually scattered)  resenance  lille phetons. 

]9)
 Naive argu-

n'ient$  hold that  the  flow is highly ii)hoTnogeneous  and  ceinposed  of  clouds  with

dimension given b,x,r the local pressure scale  height nJ  ･rlAI2 fN-  10iO cm,  where

Af e-  30()OOkms-i/10kms-i  is thc  AIach nuniber.  It is pussible t･hat these  clouds

rriight  be the  result  of  a  radiatioll-driven  illstability, (These reinarks  niight  aiso  be

relevant  to SS433.)

3,4, 
"'Fire"

 
--
 th,e.iet

   Fiiially, there  is the region  extending  froin around  the black hole and  the illner
edge  of  the  accretion  clisk and  extending  out  aleng  the  syininetry  axis  to  ft}rm a  jet.
XAvie presuine  that  the  plasilla, densit,y "iill be vei'y  low and  particle acce!eration  is
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very  efficient･.  This is also  a  regioii  where  the optical  depth to [I]homson sc,attering
is likely to be quite low and  bright ionizing radiatiun  inuy  be able  to escape  to form
all  10111Zlllg  COIIe.

   Following successful  detections by, the EGRE[I]  t･elescope on  CGRO,  it･ ha,s been

possible to trace relativistic  jets dow･n t･o what  ai'e  inferred to be even  snialler  radii

than the t:sinoke"
 observed  tising  VI,BI. There  is ahnost  universai  agreernent  that

the  gamma  rays  that  are  observed  are  produced  bv,. inverse Coinpton  scattering  by

GeV-[[bV electrons  in a collimat,ed  relativistic  outflow.  However  there has been
controversy  concerning  the  next  level of  desc.ription. In particular, it is not  known

whether  or  not  the plasina coinprises  electrons  and  positrons or  if it is a  nornial

electron-ion  plasma, The fbrmer option  seems  to be the more  likeiy on  the  same

gencral grounds  that  lead one  to t,his conclusion  in the  case  of  pulsars. However it

is quite hard to give a  compelling  observational  demonstration. One  approach  is t()

try･ to  estiiriate  the power  carried  by. the jets by. observing  tLiein  on  large scales  ancl

then coniparing  this wit,h  the power  carried  1')y relat,ivist',ic electrons  dctrived on  the

basis of  their radio  emission.

   This can  be niade  a  bit niore  precise in a  salf-absorbed  synchrotron  source,

close  to the inverse C･ompton limit. The  energies  of  t･he emit･ting  electrons  at  the

radio  photosphere  must  be N  300 }t･IeV while  lower energy, electrons  are  essentially

invisible. However,  if they  have proton  partncrs. the lower cut  off  in the clectron

distribution function must  be rsJ  30 MeV,  otherwise  there w･ould  typica].ly be too

rriuc'h  jet kinetic energy,  carried  by tlie protons. Alterna,tively, if the part･ners are

positrons, the  pair distril')ution funct,ioii can  extend  down  to inildly  relativist･ic  eiiergy.

without  producing  large jet powers.  Similar coiiclusions  are  drawn froin observations
of  st,rong  lincar polarizat,ion xKrhich  liinits the  int,ernal Faraday  rotation  "rithin  the

source,  Finally the detection of  persistent circular  polarisat,ion has been used  to

rule  in favor of  a pair plasrna, on  the grounds  tha,t the  frequcnicy clepeiidellce  is

better fit by  Farada}.r c;oiLversioJi  iri a  pair plasTna  tlian iiitrinsic circular  polarisation

in a  proton  plasina,2i) Note that, if the radiat,ion  rriechanisin  is coherent  cTyclotron

radiation,  then  the  fact that, the  polarisation  is not  even  strongeT  than  observed  may

be an  indication that  there is a  pair plasina present.

   One  tliing that  is very  cleai'  is that  jets cannot  only,  coinprise  pa,irs close  to

the black hole. This is because pairs are  subject  to strong  radiatii,'e  drag and  their

outflow  speeds  would  be limited to  no  more  than  mildly  relativistic  values,  If proton$
are  precluded  then this suggests  that thejet  momentum  is carried  by electromagnet,ic

field, at  least init,ially. This is really, not  a  very  unusual  c:oncltision.  fL is just "･,hat,

is thought to happeH in the case  ()f radio  pulsars, like the  one  in t,he Crab Nebula.

   Another controvers]},T  concerns  the origin  of  the  soft  phot･ons that are  Con)pton-
scattered  by  relativistic  jets as  

ni'-]'a.x,'s.
 One  idea is that  the  sofL  photoiis  origiuate

within  the jet as  synchrotron  ennission,  the so-called  synchrotroii  selfCeinpton  pro-
cess.  The  other  is t,hat･ the.y origiiiate  outside  t･he jet amd  are  scattered  into it.

The  resolution  of  t,his controversy  appears  t/u be that, ext,ernal  scat,t,ering  ('ioniinates

iii the  inost  po"Terful sources  and  the  seltLCoinpten  process is inost, iinportant. in
weaker  sources,

   A,{any radio  ,iets are  also  observed  using  HST  at  optical  wavelengths  and,  quite
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recently  at  X-ray energies  using  Chandra. The  emission  mechanisms  seem  to  be  quit,e
varied.  In soine  cases,  like the X-ray knots of  A,I87, it appears  that  sy. nchrotron  emis-

sion  by. >  3 [[bV electrons  are  responsible  ft)r the ernissiori.  This places impressive
demands on  the acceleration  mechanism  within  the  jet, In other  cases  the  emis-

sion  is at,tributable  to inverse Cornpt･Dn scattering  of  internal, external  or  microwave

background photons. 
22)

g4. The  fifthelementmagnetic  field

   I now  turn  to the  interactions betwcen  these four eleTnents  (Fig, 1). (This
is, after  all, a  meeting  to celebrate  the science  of  Professor Yukawa!)  As I have

emphasized,  these are  likely, to be  quite va,ried  and  complex.  However  they have

the  common  foature that  magnetic  fields seem  Iikely to be playing a  major  role.

From a  theoretical perspective, most  attention  has l)een paid to understanding  the
"magnetorotational

 instability" ()･IRI).23) This is a  (lynamical  instability which,  in
its siinplest  form has a  wcak,  vertical  magnetic  field becoiniiig uusta,ble  with  a  growth
time  of  order  the orbit,al  period. VL･rhat it is really  saying  is that  weakly  magnetized,,

coiiducting  disks are  net  viable.  [l]he only  possibility, is that disks be imbued  with

magnetic  field ef  nonlinear  strength  which  is responsible  for the  internal torque, The

saturation  field amplitude  is determined by a  balaiice between nonlinear  
.crrowth,

dissipative processes like i"ecorrriectioii  and  buoyant  escape  and  can  really  only, be
estiniated  through  careful,  three diiiieiisioiial, nurnerical  siinulations  which  are  just
now  becoming  possible,

Q
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Fig.1.  Diffei'e-t types  of magnet･ic  field linc discusscd in the text,. 1. The  interior terque  is

centributed  by rnagnetic  field amplified  through  t,he inagnetorotatio"al  irLstabi]it･y,, 2. Short
loops of  toroidal field will  energize  the disk coroiia,  thruugh  having their footpoint,s being twist･ed
in oppositc  sanses  and  creating  sniall sca]e  Hares. 3. 0pen  field lines that, eonnect  the  disk to
the outHow  niay  drive a  hydroniagnet,ic wind.  Loops ef  field froni the illner disk that, c'oiinec't

to plunging gas C4) or  the event  horizon (5) of  t,he hole can  effectively  reniove  energ>,,  from the
hole. 6. 0pen  lield lines t,hat, c.ross  the eve]it  horiz･on ean  power  a  relativistic  jet, which  inay  be
colliinated  by and  possibly  decelerated by the  out,flow.
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4.1. Disk-out,flow coTenection

   If the  suii and  the  sirriulations,  are  any  gnide, t,hen inagnet･ic  field t･hat is growing
in the  disk will  also  escape  into the  corona.  VLla cxpect  coronal  arches,  as  well  as

larger scale  magnetic  structures  to be quite common  and  t･o be regenerated  on  an

orbital  timescale, If the footpoint,s of  an  arch  are  at  diff'ererit orbital  radii  in the disk

then  t･hey wil!  separate  tangentially  in a  single  period. Field lines will  be stretched

across  the disk surface  and  wi}1  quickly be forced to reconnect,  I therefore expect
that  rriost･ of  the maglletic  field that connects  the disk to the  corena  will  be toroidal

and  that most  of  t･he magnetic  flux is ';open"
 and  escapes  into the outfiew.  However,

differential rotation  acts  in opposite  senses  on  the footpoints of  a  single  flux loop

and  this will  cause  the loep to twist and  probably  to undergo  some  t,(')pological re-

arrangenient,  just Iike a  speedecl-up  solar  fiare, This provides oiie  mechanism  for

heating a  disk corona  and  perhaps  ft)r driving an  outflow  through  t,hernial  heat,ing.

Although these  tangential flux loops may  be regenerated  by. buoy. ancy,  they  will  also

be  stretched  and  pulled back  into t･he disk, Alternatively, it has been proposed  that

they will  form an  inverse cascade,  creating  larger and  larger loops. 20

   Magnetized  disks can  also  launch supersonic  outflows,25)  [l]he disk may,  be
threaded  by a  vertical  field that is unidirectional,  at  least over  an  octave  of  ra-

dius, Differeiitial rotation  will  also  make  the field apprc)ximately  axisymmetric,  Not,

only  will  this create  a  very  effdctive  coupling  between the disk and  the. outflow  but
it can  also  facilitat･e the outflow  by launching it either  ceutrifugally  ur  through  the

maglletic  pressure associated  with  eoiled  up  toroidal field. The  outflow  may,  be nei-
ther stable,  iior even  stationary.  Again, if the, field fiIairieiits into illdividual flux

tubes, then  twisting  of  the footpoints may  lead to additional  dissipation. One criti-

cism  that has been Ieveled against  this mechanisin  is that any  larg'e sca,Ie  inagnetic

flux threading the disk will  migrate  out"'ard  fastar than  it is adverted  inward  if the

efrective  magnetic  Prandtl number  is of  order  unity,

   As mentioned  above,  a  st･rong  vertical  field will  not  orily  drive an  otit,flow  but inay
even  have implications for t･he evolution  of  the  ciisk.  It is possible  that the doininant,
torque  acting  on  disk be due  to this large scale  globa,1 magnetic  field as  oppose

to the internal torque due  to the  nonlinear  MRI. [['his torque removc:s  ellergy  and

angular  inc)inentum  in t･he ratio  S? just as  required  b,y energy  and  angular  momelltuin

conservation  in the  disk and  so  there  need  be llo dissipation iii the  disk associated
with  an  ext･ernal  torque of  t･his t,ype.

   If magnetic  winds  exist,  then  they, are  likely, to be strongly  collimating  as  demon-
strated  by axisy, mmetric  numerical  siinulations,LO)  [l]he basic collirnat･ing  action  is
due to magnetic  field lines that  are  wrapped  a,round  the symnietry  axis  and  which

exert  a  tension  leading to a  radial  force densit･y.

4,2. Disk;-hole connctction

   There  is also  a  possible magnet,ic  cormection  betweeTi the  disk and  the

hole.26)'29)i32),33) Again there  are  several  possibilities.;SO) If the  field is confined

to the disk plane and  the  hole is spinning  rapidly,  then  gas that  falls in from  the

illner disk edge,  presurriably located close  to the inarginally  stable  part･icle orbit,  will
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slide  along  rnagnetic  field lines and  allow  magnet,ic  cnergy  flux to be transrnit･ted
eutward  in the form of  a  torque,  thereby increasing the energy.  per unit  mass  that
can  be dissipated froni the disk from that associated  with  the  bindihg energy  of  the

marginal  stable  orl)it.

    However, magnetic  fiald is unlikel}･'  to be confilled  to the equatorial  plane and,
besides, this is where  reconnection  should  be very  actively  disconnecting the  iiJfiow

from the disk.3i) The field lines that leave the  surface  of  the inner disk, go up  to
high latitude and  then, coimec:t  w･ith  either  the  gas plungiiig into the hole or  the

event  horizon of  the  black hole are  likel,v, t,o be rrtore significant  and  they, tc)o, can

extract  energy  and  angular  momentum.  The}r have the further advantage  that  they

arc  likely to propagate  in a  region  where  the Alfv6n speed  is large and  there is causal
contact  between  the  iiiflow and  the disk from cluser  to the hole.

4.2.1. Black hole iiiagnet･osphere

    In fact it is quite likely that. except  ill the region  close  to the  disk or the infalling

matter,  the Alfv6.n speed  will  become relativistic  which  may  allow  substantial  eiiergy

to be extracted  frorri thc  b]ack hole itself, 
37)-42)

 Before we  disuuss this, though,  let

us  make  two key points adopting,,  for illustrat･ion, a  typical 108 A{s, hole accreting
A.  IC)-2 ptIc,. yr'i . Firstly, if we  assume  a  fairly thick disk and  a viscosity  parameter
ft -J  0.01, then  the  gas de,nsity in the disk will  be fx. 10-ii g cm-i3  and  the  pressure
ew  108 dylle crn-2.  This can  support  a  field of  $trength  tw  104 G. It is importaiit
to realize  that it is necessary  for there to be a  he,avy disk present  to contain  the

field. The  electrical  currents  that act  as  a  source  of  this field are  ext,ernal  to  the

hole and  thc  stresses  that the field exerts  on  them  are  matched  by. pressure  and

gravity. Secondly, the gas dellsity in the  high latitude region  around  the hole, which
we  call  the  black hole magnetosphere,  aithough  likely. to be qtiite low is not  going to

vanish  altegether,  This is important because only. a  t･iiiy density of  plasma, in this
case  AJ  10-25g cm-3  is lleeded  to  supply  enough  charge  to short･  out  the  potential
differences along  the niagnetic  field lines. It, is hard  to imagine that plasma  could
                                                --

be excluded  from the magnetosphere  so efliciently  that E  ･ B  is not  effbctively  zero,

Cross-field diffusioll and  pair production happen all too readily,  Conversely, provided
that the magnetospheric  densit,y is <  10mi4 g cm-3  then  t,he forrnal AIfven speed
wi}l  be ultrarclativistic  so  that the conditions  are  eifect,ively  electromagiietic  and  the

matter  will  have almost  no  dynamical role,  It is not  clear  if and  when  this second

condition  is satisfied,  but it does not  seern  unreasonabie  to hypothesize that black
hole magnetospheres  are,  in this regard  similar  t･o pulsar magnetospheres.  The  work

fimction of  a  clas$ical  event  horizon is illfillite! If so,  then  electromagnetic  field in
the  magnetosphere  must  be relativistically  force-free. 

:Si')
 That is to say,

                              -  -- -

                             pE+j'  × B-  O. (･l-1)

In addition,  we  also  require  that  the  Lorentz invariant B2 -  E2 >  O, The relativistic

force-free condition  is rnathematically  cquivalent  to perfect, relatixristic  A,IHD, where
it is assumed  that the electric  field vanishes  in t,he center  of  rnomentum  fraine. of  the

plasma, moving  with  ve]ocit,y  ･ir/ so  that, E-' +  ff × B- =  O, in the limit that the inertia
of  the  plasrna can  be igllored.
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   These two points cast  into doubt  some  scheines  for extract,ing  energy  from

strongly.  charged  black holes and  magnetospheres  where  the electromaglletic  field
is supposed  to satisfy  the Einstein-)LIaxwell equations  in wtLcuo.4[S)

4.2.2. A  digression on  pulsars  and  eausality

   In order  to explaiii,  in more  detail, how  this enargy.  e,xt,raction  is thought  to work

under  electroinagnetic  condit,ions,  it inay  be heipful to st･art  "Tith  an  axisyiniiietric

model  of a pulsar. 
'34)

 The model  is simple  but kllown to be incomplete at  the

very  least, pulsars are  not  axi$ymrnetric,  Nolletlieless, it, is he,lpful fbr explaining

soine  principles. Under this iitodel,  we  have a tnagnetic  fieid t,hat is fi'ozen into the

spiiining  neutron  star  and  we  can  think  of  the  fiel(1 lines as  inoviiig  wit,h  the  sarne
              -

angular  velocity  S2 as  that  of  the  star,  provided that, as  we  have assert･e,d  above,
--E

 ･ B  =  O. VNi'hat we  n]ean  bv this staternellt  is t,hat･ the  electric  field vanishes  in
                                        -  -t
any  local Lorentz fl]ame moving  with  speed  zT.'i =:  hiB  +  S2 × i, where  An's  only  lirnited
by the requirement  

･v
 <  c. Iii the iiiertial fraine. tlie electric  ficld has a  divergence,

which  is satisfied  by  a  charge  dellsity and  currents  fiow a]ong  the magnetic  field,
driven by rclatively  sinall  residual  alld  quite pussibly t,ransient electric  field, The

poloidal coinponeiit  of  the  curreiJt  is thci. source  for a  toroi(lal inagnetic  fie}(1 whereas
              -- -  -

the electric  field E  :=:  
-(S2

 × 
'f7)

 × B  is poioidal. There is a surface.  kiiown as  t/he

light cyliiider,  with  cylindrical  radins  c//S2,  bey()nd which  plasina, "Jhich  is tied to t.he

rnoving  inagnetic  field lines, inust  niove  outward.  The coTnbinatioiJ  of  the poloida,1
elect･ric  field aiid  the toroida] magnetic  field leads t,o a  radial  Poynt,ing flux t･hat
carries  energy,  away  frorn t･he star  a,t the  expellse  of  its rotational  kinetic energy;

the conibina,tion  of  the poloidal inaglletic  field and  the poloidal elect,ric  field carry

away  angular  moment･um  and  the ratio  of  the  t･wo quantities is dE/dL  =  S2 which  is

identical to the ratio  of  the  ene,rgy･ to t,he angular  momenturn  lost from the  pulsa,r.
The  ciirrents,  which  carr.v  no  net  charge  away  froiri tlie star,  coinplete,  their circuit,

at  large distallce ft'oin the  I)ulsar. Ill order  t,o do so,  there, i'nust, be either  or  inertial

effbcts  dissipatioll which  allows  electroinagiietic  eiiergy  to be  convert,ed  int/o kinetic

energy  or  heat, )L,Iost p}ausibl},r this woulcl  happen  at  a  distant shock  front, which

we  call  the load,

   There  is oiie  inore  poiiit t/hat/ should  be made  here, and  it is important for
what  ft)11ows. This concerns  the. nature  of  the siriall  arnplitude,,  short  wavelength

wave  modes  in this system,  There  are  two  types  of  wave  in the  rest  frame of  a
            --

plasina  where  E  ･ B  =  O and  particle inertia is ignorable. One  is a fast inode  with
 -  -- -

6E  or  k: × B  which  is indisting"ishable from a  vacuum  electromagnetic  wave;  the
                                          ---

other  is an  intermediate (or Alfs,'6n) mode,  w･it,h  6B  /Dc k; × B, which  travels with
          AA          "- -  -

phase  speed  k ･ B  along  k and  group  velocity  1 along  B,

   Let us  look at these  inodes  in the  noii-rutating,  global inert,ial fraine, What,

we  find is that, if we  restrict  att･ention  to axisymmetric  modes,  then the  fast inude
has a  toroidal magnetic  perturbation  aiid  the intermediate mode  has a  poloidal
inagiietic  perturbation,  This iueans  that  illforinat,ion al)out  the toroidal inagnetic

field (and, correspondingly,  , the poloidal current,  caii propagate inward  at  effectively

the  speed  of  light across  rnagnetic  field lines eveu  beyond  the light cylinder.  Ill other
words,  if we  chango  the  conditions  in thc outer  dissipatioiJ region  ft)r exarnple
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by  changiiig  t･he resistance  in the load in the electrical  circuit  -  then  this will

eventually  react  back upon  the  current  flowing t,hrough  the  pulsar and  change  the

Poynting flux. However, it will  not  change  the EMF  appreciably.  B.v cont･rast,  if we
ccmsider  the  intermediate inode.  then the  disturbances are  constrained  to flow along

the magnetic  fielcl direction and  can  onl>.' propagate inward within  the  light cylindcr.

These disturbaiices essent･iall},r  carry,  information about  the toroidal current  and  the

poloidal inagnetic  field.

   I am  belaboring these poillts in what,  I hope, is a  non-cont,roversial  context,

because essentially  the upposite  conclusion  has been drawn in a  recent  book  by  Pun-

sly45)  (and earlier  references  cited  therein). There  are  many  points ef  disagreement
but･ one  key diff'ereiic:e is that Punsl>r argues  that t,lic, iiiterinediate inode  propaga,tes
inforrnatioii about･  the  glol)al chars,e  and  current  density because the.y involve non-
zero  pert･urbations t･o the  current  density, I believe t･his arguinent  to  be  incorrect.

Just as  sound  w･aves  do not  ph,N,rsically transport  mass  despite having a  density fluc-
tua,tioii,, intermediate waves  do not,  physically  transport･ charge.  Actually, tii makiiig

the force-free approxiination,  Eq. (4･2), we  a,re  implicitly sa}ring  that,  although  the
                                                      -- -

ele.ctromagnetiE  field-evolves accordiLig  to Maxwell's equations,  COB/Ot =  
-V

 × E,
OE/et  =  V  × B  -  /io,y'. Op/et =  -Sl7 ･ j'),, there is no  corresponding  evolution  equation

fbr the current,  dellsity which  inight  be dcterrnined by regions  where  inertia or  dis-
sipa,tion  are  importaiit. The usc  of  such  relations  is t･ant･a,inount to saying  t･hat, the

tiinescale on  which  charge  adjusts  locally to t,he electrorriaglletic  ficld is very,  shert

cornpared  with  the  tiine it takes light to cross  t,he ctrcuit  In t･his way,  an  axisyni-

inetric  piilsar can  act  as  a  battery with  ncgligible  internal resistance  and  can  drive

current  around  a  circuit, ill a  inanner  that･ is evelltually  rcsponsive  to changes  in the
physical  conditions  in t,he load, "rell beyond the Iight, cylinder,

4.2.3. Extraction <)f energ}r  ft'om the  hole by the  disk

   Returning to the niat/t･er  at･ haiid, the ficld lines that coiinect  the inner disk to t･he

gas plunging into the hole, may  be able  to transport, energy  and  arigular  momentum

outward  in a  t･ime-･depeiident rnanner,  The  field will  quickly be dragged into the
hole while  its footpoints wil] be (t,emporarily) anchc')red  in t,he disk and  will  rota,te

with  the disk angular  velocity  S'2. Now,  it is probably. the case  that the angular
velocity.  of  the  black hole exceeds  that of  all of  the disk, (If the  disk terminat･es
at  the rnarginally  stable  orbit,  tlien this is true  for OH  >  O.093/n},) Under these
circumstances,  the  Einst,ein-A,Ia,xwell (plus relativistic  force l'ree) equations  caii be
solved  sub.ject･  to suitable  boulldary coiiditions  at  the horizon (essentially that  the

electroniagnetic  field as  ineasured  by, all  infalling observer  i'emaill  finite). It is found
that the  magnetic  field "/ill trail the  hole and  t,hat,, if we  ttdopt  axisymmetr,y,  a

slender  eqtiatoria,] ring,  threaded  by flux di, will  experience  a  torque

                        G-f/-(-(42\,L Ati,),di2, (42)

where  I is the  currcnt  circulating  t･hrough thc  ring  and  into and  out  of  the  hole. In

using  t,his equation  we  need  to know  that the effect･ive resist,ance  of  the  hc)rizoii is

effectively,  the impedance  of  free space,  iimltiplied  by gec)metrical factors, ARH  ev
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60Ae/sine  9. Also, note  that  current  can  fiow through  the hole simply  by  having

positive charges  prefereiitially cross  the  horizon at  high latitude and  negative  charges

cross  it at  low latitude or  vicc  versa.

   This torque  will  do mechanical  work  on  the  disk at  a  rate  GS2 and  the energy

transfer will ultimately  be dissipated by, viscous  processes in the  accretion  disk in the

form of  heat. If we  consider  the causa!  structure  of  this electromagnetic  c,onfigura,tion,

then  there will  be an  inner light surl'ace, the counterpart  of  the pulsar light cylinder,

wit･hin  which  intermediate waves  cannot  propagate  out･wards  and  there will  be a  fast

mode  surface,  very  close  indeed to the  horizc)n.:'S9)'i3:S) The details of  what  happcns

close  to the  horizon are,  as  usual,  uniinportant  as  they  are  redshifted  away, . This

electrodynamic  configuration  is, in no  essential  respect,  different from what  happens

if we  comiect  the fiux lines to gas endowed  with  substantial  resist,ivit/y  orbiting  in

the equatorial  plane between the  disk and  the  horizon.47)

    Note though  that the  disk is actually  extracting  energy  from the hole rather

than  the  other  way  around,  [IIb see  why  this  is possible, we  must  return  to the

properties of  spinning  holes. "]hen we  work  iu Boyer-Lindquist coordillates,  we

are  exploiting  the fact that  the  spacetime  is stationary  and  axisymmetric  and  the

metric  is independent of time  aitd azimuth.  Associated wit･h  t･hese two  symmetries,

are  two  conservation  laws --  those  of  energy  and  angular  momentuiii,  If we  look

at  the  electromagnetic  Poy, iiting  flux in the  Boyer-Lindquist fr"ame, then the  eiiergy

aiid  angular  momentum  fluxes are  conserved  from the horizon outward,  despite t,he

fact that a physical observer  within  the ergosphere  rriust  inove  with  respec;t  tc) this

coordinate  system.  If we  t･ransform to a  frame in which  phy, sical  observers  orbit

with  angular  velocity  lying in [S2.l,,, S?,,,..l then  we  find that  the  energy  and  angular

momentum  fluxes must  be trallsformed and  the  energy  flux must  change  sign  close

to the  horizon. Frorn the  point of  view  of  physical observers,  the  hole is a  sink  not

a source  of  energy.  The reason  for t,his strange  behavier is intrinsically relativistic

and  can  be traced to the existence  of  the compollent  goo iii t･he metric  tensor, The

hole's spin  is comrriunicated  to the world  exterior  to its event  horizon not  through

outwardly  propagating electromagnetic  disturbances emanating  from clese  to the

event  horizoll but through  the  metric  tensor. It is really  the  spacetime  around  the

hole, iiot the event  horizon, frorrL which  the  energy,  is being extracted,

4.2.4. Quasi periodic  osciilations

    How  much  of  the above  actually  happens  and  how  important it is quantitativcly
depend upon  the detail$ of  the gas flow and  the  magnetic  field configuratioii  that

develops. However,  if the hole-disk connection  is irnportant, then  it does open  up

the possibility that quasi-periodic oscillations  inight  be excited  by interaction with

the  hole,27)

4.3, Hole-p'et connection

    Having  explairied  how  to connect  a  disk t･o a  hole and  extract  cnergy,  , we  can  now

explain  how t･o connect  the  hole directly to a jet. :S7)'46) (We do. however, still  need

a  disk to retain  the  poloidal magnetic  field.) Let us do this in two stages.  Suppose

that  inagiietic  field lines which  cross  the  horizon are  frozen into a highly conducting
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ring  orbiting  the  hole at  high latitude at  a radius  beyond  the  ingoing light cylinder.
Now  make  charges  availab!e  at  the inner surfa,ce  of  the  ring  and  allow  c;urrent  to flow
around  the circuit  and  energy  to be extracted  from the hole, just as  we  did with  the
disk, Next  make  charges  available  on  the other  s5de  of  the ring  and  allow  it to behave
like an  axisymmetric  pulsar  and  lose eiiergy  to a  distant load, In general, the  rate

of  energy  (and angular  momentum)  gain frorn the hole at  the  interior surface  of  the
ring  will  not  balance the  loss from the exterior  sur'face  to the  load. However,  if we
adjust  the angular  frequency of  the  ring  and  thc magnetic  field lines which  are  frozen
into it to a  suitable  coinproniise.,  between that of  the hole and  the  load, determined
by  a  simp]e  circuit  analysis,

    S?IIARL  +  S2LARII
n=

ARL  +  ARH (4･3)

where  S2H,L, ARL,H  are  the  efTect･ive  angular  velocity  and  resistance  of  the  load and
the  hole respectively,  then we  should  be able  to achieve  balance. Furtherrnore, this
equilibrium  should  be stable.  At this point, we  can  remove  the conductor,  Previded
that we  are  still able  to make  charges  available  in the region  between the two  light
surfaces,  as  we  have argued  will  be the case,  then  currellts  can  flow all the way
around  a  circuit  spannillg  the  event  horizou and  the load. Energy  will  be lost by
the hole and  dissipated in t･he load. In fact there is generally. sc)me  dissipation in
the  hele and  although  its gravitational mass  may  decrease, its irreducible mass  wil]

lncrease,

    This is the basis of  the proposal that  spinning  black holes power  jets and,  pos-
sibly, gamma  ray  bursts. The  power is created  as a  large scale  Poynt･ing flux or
equivalently  as a  battery-driven current  flowing around  an  electrical  circuit,  (For
the  example  quoted,  the power  evaluates  to ew  10'i3 erg  s-i  and  the order  of magni-

tude est･imate  of  the EMF  and  the  current  are  nv  10i9 V  and  rtw  lei7 A,) This neatly
avoids  the  problern  of  catastrophic  radiative  drag close  to the  jet origin,  and  allows

the  terminaljet Lorentz factors to be very  large as  observations  indicate is the case.

   One  objection  to this model  is that  the  flux threading  the black hole may  be
small,;i7)･5(i)  (especially if the hole is slowly  rotating)  so  that far niore  power  is
extract･ed  fi'om t･he inner disk, or, more  plausibly  the region  between the inner disk
and  the  horizon than  from  the hole directly. I emphasize  the  word  directly because
when  eiLergy  is removed  from gas in the  ergosphere,  the  torques  force that  gas onto  a

lower energy,  perhaps  ev･en  a  negative  energy  orbit,  thai'i it would  ordinarily  fo11ow.
This means  that whell  the  mass  is eventually  capt.ured  by the  hole, its gravitational
mass  iiicreases by less than it wuuld  do so  in the  absence  of  magnetic  stresses.  (It
may,  even  decrease.) "t'e can  therefore think  of  t,he ene.rgy  as  having been dcrived
from the  spin  of  t･he hole even  when  t･he torqiie is applicd  to accreting  gas,

   One way  to concentrate  much  more  fiux oiito  the  horizon of  a  rapidly  spillning

ho]e is to replace  a  thin  disk with  a  thick toroidal f'low, such  as  is thought likely to
develop when  the gas does not  radiate  effectively,  

4S)
 
52)

 lt may  even  be necessary

tha,t this happen  in order  to forTi'i ultrarelativist,icjets  as  this "rirl ininiinize  the eff'ects

of  radiative  clrag,
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4.3.1. Development  ofthejet

   I have  argued  that a  relat,ivistic jet begiris life close  to a  spinning  black hole
in an  essentially  purely electromagnetic  form. However, what  we  observe  are  high

energy  Compton-scattered gamma  ray, s and  lower frequency s>rnchrotron  radiation.

Given the large eiectric  fields present  in the jets, it is very  easy  to iTnagine pairs

being created  copiously  near  the holc}. Now, the pair energy  density, is unlikely, to

becorne very  large here because it, will  be limited by annihilation.  Further froin the

hole, though,  when  the  ellergy  density, diminishes, pairs alld  ga,mma  ray, s will  cairry.

a progressively  larger fraction of  the  energy  flux,

4,3,2. Gamma-rav  burst,s

   As more  is being learned about  gamma  ray  bursts, the more  they appear  similar

to AGN.  The  inferred bulk Lorentz factors of  GRB$  aud  AGN  are  separated  by less

t･han an  order  of  magnitude.  GRBs  are  argued  to have a  low baryon  fra,(iion just
like radio  jets. Studies of  jets increasingly, show  them  to be episodic  phenomena  as

opposed  to contiiiuous  flows. Finally, the appearance  of  achromatic  breaks in the

development of  GRB  afterglows  has been interpreted as  indicating that, they too  are

jet flows beamed  towards  us,  (though these observations  may.  also  be associated  with

the  trans-relativistic evolution  of' spherical  blast waves).  If GRBs  are  inostly  jets,
then this reduces  the  energy  pei' burst by  two  or  three  orders  of  magnitude  at  t･he

cxpense  of  increasing their overall  frequency.

    )'Iany, models  of  GRBs  also  iiivc)lve the  extraction  of  large amounts  of  energy

from stellar  mass  black holes and  electromagnetic  processes occurring  at or  near  the

horizoii uf  the black hole have commoiily  been invoked, The  magnetic  fields and

EMFs  iiivolved (-u 10i6 G, AJ  IC)2iS V) are  inuch  larger thall those associated  with

AGN  but this  should  create  no  difliculty of  priiiciple.

4.4. ,Jet-ouijlow  connection

    VLXe can  now  coinplete  the cy, cle  and  consider  the interaction of  the jet with  t･he

less collirnated  and  slower  outfiow  associated  with  the  disk. The  niost･  impertant fea-

ture of  this interaction is, of  course,  that tlie wind  may  be responsible  for collimating

the  jet, It inay  provide  an  effectively  iiivisible sheath  that  protects  the rather  firagile

jet outflow  firom lnteraction with  its envircmment.

    A  second  feature of  the jet-out,flow interaction is that  there will  surely  be some

entrainment  of  t･he elect･roii-ioii  plasma  and  this should  ultimate}y  show  up  in the

poiarization observations  which  caii,  in priiiciple clistinguish  a  pair plasma  from a

pretoiiic plasma. Entrainment will be promote.d by 1inear instabilities that caii grow

at the  jet surface.  
44}

    Thirdly, there call be  an  exchange  of  ]inear morrientuin  with  t,hc surrouncling

outflow,  even  if there is ininimal  exchange  of  mass.  This c'an, in tiirn, have two

consequences.  The  jet, itse]f. is likely to  develop a  velocity  profile so  that  difft}rent,

parts move  with  different Lorentz factors. This implies that  a  radio  observer  is ]ikely.

to infer a  value  fbr t･he Lorentz factor from  the  rate  of  superlmninal  expansion  t,hat

depends upon  the inclinatioii i of  the line of  sight  to the. jet axis,  ),Iaking the  sirriplest

assumptions,  we  expect  that the measured  Lorentz factor will  be rsJ  f,- i. This could



Publication Office, Progress of Theoretical Physics

NII-Electronic Library Service

PublicationOffice,Progress  of  Theoretical  Physics

198 R, D, BtancifoTd

read to some  very  st,rong  biases in interpretiiig the statistical  properties of  a  sample

ef  compact･  radio  sources.

   These  features could  account  for the difference bet･ween FanaroffLRilc.y Type  I
and  Type II sources.  Perhaps  the former arisc  when  t･he outflow  has more  linear mo-
meiitum  than the  jet/ which  is ultimately  decelerated to speeds  of  a  few hundred  km
s-i,  comparable  with  that of  the outflow  emanatiiig  firom the outer  disk. Conversely,
if the  jet carries  more  linear momentuin,  it cam  drag along  the  outflow  as presuinably
happens  in the Type  II sources,  with  little in the  way.  of  observed  consequences.

E5. Numericalsimulations

    A,Iuch of  what  I have summarized  is qualitative alld  conjectural  and  the debates
that  I have highlighted revolve  largely arotmd  different prcjudices as  to how magne-

tized, three dimensional flows behave  in st/rong  gravitational fields. 
rl"here

 are  serious

issues of  theor.v that need  to be settled  indepelldent of  what  guidance we  get f'rom
observations  of  astrophysical  black holes a,iid those  of  other  sources,  like the solar
corona,  where  magnetic  field holds sway.  (I might  also remark  that there is the
st,rong  pro$pect of  laboratory experiment  being highly relevaiit  in teaching  us  the

true laws of  MHD.)

    The best prospects probably lie with  perforining nurnerical  simulations  or  ex-

periments, Nurnerical A･IHD is coiuiiig  of age,49)-5i)'53)  The sophistication  of the
diffk]rence schemes  and  visualization  techniques  is growing  apace  with  t,he speed  aiicl

especiall],r the memory  of  large parallel-processing comput･crs,  Well resolved  3-D
(and even  4-D) simulations  are  becoming increasingl:r common  and  they  rarely  fail
to surprise  us. The  symmetry-breaking  involved in transitioning from 2-D to 3-D is

crucial  and  leads to qua]ita,tivel:r iiew  phenomena,

   The  key to using  simulat･ioiis  productively  is to isolate qucstions that can  realis-

tically be addressed  and  where  we  do not･  know  what  tlie outcome  will  be and  then

to analyzo.  t,he simulations  so  that we  can  learn what  is the correct  wav  tu think
about  the problcin ancl  to describe it in terins of  elementary  principles. Siiriulations
ill which  the  input phy, sics  is so  circuniscribed  that  they  inerely  illustrate existing

prejudice are  of  less value!

   Let me  fr'ame some  of  these issues usiiig  a  series  of  questions, many  of  which  are

already  being tackled, as  we  have heard at thi$ rneeting,

  .  W7Lat is the globat evolution  of the rn,agri,etorotational  i,nstability? The re-

    discovered lillear instability is so  iTnportant t,hat, it is irrelevaiit! The  non-linear

    evolution  has been followed in 2- and  3-D, mostly  in shearing  boxes, particu-
    larly, with  regard  to  fo11owing the developinerit of  stress,  Is t･here a  cascade  of

    wave  enei'gy  to sinall  scale  through  an  inertial range  t/urbuleiic,e spectrurn  or

    does most  of  the energy  follow an  inverse cascade  to form large loops as  has also

    been  conjectured?  Another quest･ioii is 
:`VY;'hat･

 is the  role  of  buoyant escape  of

    magllet･ic  fiux as  well  as  t,he iiegative  buoyancy  associated  with  magnctic  ten-

    sion  as  described above?':.  Exist,ing simulations  suggest  t,hat it is too  slow  to

    be iinportant, However  oiily  a  few reginies  ha,ve been $tudied,  ]t･Iost iinport,ant

    of  all,  we  would  Iike to  know  if large scale  magnetic  fields develop or  can  be
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  sustained  in Keplerian disks, One  approach  to this problem  is to use  simula-

  tions performed  fbr a  few dynamical time  scale$  to try to measiJre  the  effective

  average  resistivity  for large scale  fields. Another approach  is look for signs  of

  an  inverse cascade  developing in the  presence  of  strong  difibrential rotation.

.  What is the nakLre  of the dissipation in Tnagnetized  flows? It is also  necessary

  to understand  the flow of  energy  and,  in particular, the  nature  of  the  dissipa-

  tion, seen  from a  fluid perspective.  
'[[]his

 is a  pre-requisite to understanding

  dissipation from a  kinetic: perspective which,  as  the  above  makes  clear,  is cru-

  cial  to understandillg  the radiative  and  consequently  the dynainical properties
  of  adiabatic  flows, The rriost corriinon  a,ssuinption  is t･hat the dy, naniical  mag-

  netic  field creates  a  maglletosonic  wave  spectrum  that dissipates on  some  inner

  scale,  sinall  compared  with  thc  thickness  of  the  disk. However it is also  possible

  that magnetic  reconnection  contributes  to tha dissipation iii additiori  to being

  a  switch  to bring about,  topological  rc-arrangenient  of  the field, If reconnectioii

  heating is significant,  then is it the occasional  large events  that  dominate  the

  heating ur  is it the  ongoiiig  
"iialloflares"

 that  are  most  important. (This is an

  issue of  active  debate in studies  uf  solar  coronal  heating.)

e HouJ do magnetic  fietds devetop i,n radiation-doTrtirtated  disks9 One  interesting

  possibility is that  they are  essential  in allowing  a super-Eddington  radiation

  flux to escape  without  blowing away  the  gas by creating  large deiisity iiihoino-

  geneities, Understanding the  strength  of  the torques in the regioll  where  inost

  of  the  energy,  is released  is of  cent,ral  importance  in inodeling  quasar spectra,

e  How  and  where  aT'e disk coronae  heated? X-ray. observations  of  Seyfert, galaxies

  are  commonly  and  fairly convinciiigly  illterpret,ed in terms  of  a  model  in which

  a  coronal  source,  in the  form of  a  Cornptontzed power  law extending  up  te ew

  100 keV illuminates a  disk, 
FI]he

 reflection  spectra  create  the curved  continuum

  alld  the  fluorescent iron lines. It has gene.r'ally been  supposed  t･hat the source  is

  powered  magnetically.  However,  it is again  not  clear  if this is due to  a  few large

  flares at high altitude  or  a  multitude  of  small  flares occurring  clese  to the disk.

  In this case  the  sull  may  riot  be a  very  good  guide, because accretioii  disks are

  fast rotators  in the  seiise that centrifugal  force is more  import･ant thaii pressure

  gradients whereas  the  rotation  that  ultiinatel}r  drives solar  flares is oidy  a  sniall

  perturbation.  Understanding  the  origin  of  the  X-ray  power  iaw contirma  is also

  crucial  for assessing  if it will  eve.r be possible to perform  reverberation  mapping

  at  X-ray, energies.

e  (f la7ye' ,scale fields develop in accreti･on  disks, ho?v strong  aT'e  the o'ulViows  and

  which  Tnechanisrri  dorninates their f?)rTnation? Several possibilities have been

  discussed in additiun  to centrifugally-driven  outflows,  These include thermally-

  driven wiiids,  uutflows  ciriven  by the  pressure  of  a  strongly  coiled  magnetic

  field and  outflows  in which  t･he field is basically poloidal. A  major  issue is the

  stability  of  these  outflows  and  here, again,  three  dimensional simulations  make

  all  the  difference, Preliininary st,udies  of  centrifugal  winds  show  that  they are

  surprisingly  resilieiit,

-  Can  electromagnetic  power  really  be extTactecl  frz)m a  spinning  black hole an(i

  is it enoTLgh  to pouJer relati,vist･i,c j'ets? Here  there  are  two  questions. [I]he first
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  is one  of  physics principle, as  I have discussed. VLrhat is probably necessary,  to

  settle  the  dispute alluded  to above  is to perform  a time-dependent  calculation

  in a  Kerr inetric.  I have argued  that it, is suflicient  to perform  this calculation

  in the electromagiietic  li]nit,; there is no  need  to carry  the unwaiited  baggage of
  iiiertial terTns ill t,he lirnit that these are  verv  small  as  must  be the case  if it is

  intended to account  for ult･rarelatiiristic  .jets. The  sec:ond  question is how  nmch

  fiux can  1)e conc:eritrated  onto  t,he black hole relat･ive  to that which  threads the

  inner disk? This must  be a  hydroniagnetic calculatioii,

e  How  do j'ets propagatct, c:oltirreate  and  dtssipate? [I]here has been steady  progress

  in describing disk winds  nuinerically,  S･Vhat is really  needed  iiow  is to produce

  h:rbrid simulations  that  coinbine  an  ultrarelativistic  jet, core  with  a  subrelativis-

  tic wind,  The  flows rnay. become  unstable,  especially  as  toroidal  field starts  to

  dominate, but this  does not  impl>r that･ jets destroy themselves  catastrophically.  ,

  Indeed rrLan>r  of  the maps  from VLBI  monitoring  programs  look like helically
  unstable  flows.

.  Can ultTurelativistic  j'ets really  be ft)Tvrned inside stars?  As of  t･his writ･ing,  the

  collapsar  model  appears  to be the  leading candidate  for explaining  t,he loiig

  duratioii GRBs.  This is not.  on  the face of  it the niost･  propitious  enviroiiinent

  to create  an  ult･rarelativistic,  baryon-starved jet. I have argued  that electro-

  magnetic  effects,  similar  to those  already  invoked for AGN  jets. seem  to be the

  most  promising way,  to create  the enormous  powe:s required.  "ihat necds  to be

  denionstrated is that the  outflow  is not  
"poisoned"

 by baryoris by, the tiine that

  it reaches  the  surface  of  thc  star,  It is not,,  ill iny  view  necessary  to collimai,a  the

 jet, i,'ery tightly or  achieve  high bulk ILorentz factor as  the  fiow leaves the  stellar

  surface,  As long as  the emergent  flow has a  high ent,halpy  per baryon, it will

  expand  on  a  ]x,Iach cone  aiid  achieve  its high terminal speed  some  distarice frurn

  the star, This, incidentally, provides  a  natural  explanation  ih. r t,he otherwise

  puzz}ing  initial abseiice  of  causal  contact  across  aii  expanding  ultra,relativistic

 jet siinilar  to t,ha fainous "1iel]o-goodbye-hellot''
 behavior of  an  iiiflationary

  unlverse.

 It is easier  to make  such  lists than  to implement them.
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