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Protostars emit more x-rays, hard and soft, than young sunlike stars in more advanced 
stages of formation. The x-ray emission becomes harder and stronger during flares. The 
excess x-rays may arise as a result of the time-dependent interaction of an accretion disk 
with the magnetosphere of the central star. Flares produced by such fluctuations have 
important implications for the x-wind model of protostellar jets; for the flash-heating of 
the chondrules found in chondritic meteorites, and for the production of short-lived 
radioactivities through the bombardment of primitive rocks by solar cosmic rays. 

C o p ~ o u s  x-ray elnlsslon proviiles one of tlie 
strongest pleces of eviLlcncc for c n l ~ a n c c ~ l  
magnetlc acti1.1ty on the  surfaces of y o ~ m g  
su~lllke stars (1 ) .  k h ~ c l i  of the earl?- ~nfo r -  
mation ~ieri\-eii from measurements at rela- 
tive1;- soft energies (-11.4 to 4 kc\:) hy the 
focusing x-ra\- telescope hor~ ie  into space on 
the  Einsteln satellite (2 ) .  T h e  majority of 
the young stellar objects (YSOs) observed 
by the  Einstem satellitc belong to the cat- 
egory of opticallv revealed sources ~vi thout  
circumstellar clisks 1<1ioivn as weak-lined T 
Tauri stars ( W T T S s ) .  W T T S s  alici their 
counterparts v ~ i t h  ~ i e h i ~ l a r  disks k n o ~ v n  as 
classical T Tauri stars ( C T T S s )  arc be- 
licvcci to have ayes of olie to a f e ~ v  nilllion 
years (3).  They represent a later phase of 
7-oung star evohltion than ernbeiideil proto- 
stars, 1i;hich undergo not  only active disk 
accretion but also inhl l  from their sur- 
rounding inolec~~lar  cloucl c o r c  (4) .  T h e  
surrouniii~lg c n ~ c l o p e  absorbs r n ~ ~ c h  of the  
soft x-rays iron1 the central protostar, mak- 
ing embedded protostars difficult to detect 
by the Einstc~li  satellite. 

T h e  Emstein nicasurenlcnts gave rise to 
the analogy of T Tauri stars (TTSs)  as 
ohjects with surface magnetic actlvit\- much 
like that of the silri at present, except mag- 
nified manyfcild. T T S s  have typical soft 
x-ra\- l~uninos~ries  of -3 X 111''' erq s p '  (5). 
and the flares that ar1.e in them can he 
-111" tinics as stronq as the sun (6). In the  
sun, soft x-ray flares oriqinate In hot coro- 
nal gas (temperature T - 111' K) trappecl in 
loopsof intense inaqlietic fielil (7). Models 
of the soft x-ray flares o n  T T S s  assume 
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similar temperatures, but larger loop slres 
(-111 cni high),  and imply plasma densi- 
ties of -111''' c m p 3  and lnaenetlc field 
strenqths of - 111' G at the  base of the loops 
that are not different from those of the 
nlodern sun (1 ). 

Recent observatio~ls of YSOs at hard 
x-ray energies (11.4 to 12 kc\:) by the 
.GCA satellite and to deeper sensitivity 
levels at soft x-ray energies (11.1 to 2.4 keV) 
1'7. the  Roentgen x-ray satellite ( R O S A T )  
have moti\-atecl a reevaluation. Except for 
XZ Tau (8). a single source, C T T S s  gener- 
all\. elnit ferver x-rays than E 7 T T S s  (9), 
t~rol>ahlv heca~lsc interactions ~ i t h  clrcum- 
stellar ilisks s loa  Lioil.n the rotation ot 
C T T S s  with respect to LY'TTSs (12) .  O n  
the  other h a n J ,  embedded protostars appear 
to he more pon.erf~11 and harder x-ray emit- 
ters than either W T T S s  or C T T S s  (1 1) .  
T h e  s-ray spectra of YSOs harden during 
x-rav tlares. T h e  soft x-rays mav come fronl 
a mechanism of lieatlng stellar coronas 
comnloli to all stars ~ r i t h  surface lilagnctlc 
activlty whether or not the\- 1m.e surround- 
iliq accretion disks. T h e  hard x-rays proha- 
hly a r m  trorn fast particle acceleration and 
deceleration e x n t s .  

T h e  lncan lum~~losi t \ -  111 liard x-rays of 
several emheddeci protostellar sources dis- 
covered by the  .GCA satellite in the  near- 
1.v dark cloud R C r A  is LbXl-' = 3 X 1P"' erq 
spl ( 1  1 ) .  A recent sa~npling of emheiiLied 
protostars indicated an  averace h~minosity 
in total x-ravs, corrected for the  effects ot 
e n d o p e  ahsorption and finite R O S A T  
b a ~ ~ d w l d t h .  L:' 2 111" erg s '  ( 1  2). Of the 
latter value, we assume that an  amount 10'" 
to lC1%r_o s p l  can be associated ivith "nor- 
mal" coronal plasnia at T - 111' K siniilar to 
that observed in  R'TTSs. T h e  rest we at- 
tribute to l i ea t~ng  by fast particles generated 
i ~ i  hiq and small flares. 

Fast particles associated with x-ray 
n t ,  arc As - r c~h ' :~cs  Azadema S'n ;a, - ace  ; 15 tlares. bast particles in the  sun oriqinate in 
- 

a b-.an two types of flares (13)  th ro~ igh  the  re- 
-TO ,hl'o~i- cc res~o rce i i ze  SPCL c be accresse~.  lease of the  energy stored in stresseJ 

nlaglictlc fields ( 1  4 ) .  Impulsive flares, last- 
ing rypically only tells of mi~lutcs ,  are 
electron a~icl 3He rich and rrohably arise 
low in the  solar corona 111 recon~lectioli  
events invo11-~nq closed niagnetlc fleld 
lines. T h e  fast electrons eenerated bv the  
flare stream a lo~ lp  the  fl i ld lilies to ;heir 
foot points i ~ i  the  solar photosphere, re- 
lcaslng vlsil>le and liard x-ray photons 
when the\- strike the  surface of tlie sun. 
T h e  accolnpalivlliq fist  protons anil lolls 
produce qalnlna rays in thelr i l i teractlo~ls 
with the  solar atmosrhere.  

O n  the  sun, there are also proton-rich 
events tliat release large numlxrs  of cos- 
mic ray ions without proJucing many pho- 
tons either in  vislhlc light or in  x-rays ( 1  5, 
16) .  Rarer by a factor of -111 but lastinc 
iron1 hours to days \vhen the\- occur, grad- 
ual flares arise high in the  solar corona, 
perhap. in magnetic field conf iq~~ra t ions  
calleci tlare loops or helmet streaniers [see 
figure 5 ln (14) l .  blagnetic cncrqy released 
in the  helnict streamer (cominq hefore 
reco~lncct ion of oppositely directcci flelil 
lines) ilrivcs v i o l e ~ ~ t  outwaril l n o t ~ o ~ l s  In 
the  surrounil~ng plasma, leading to corolla1 
mass ejections iCb1Es). ;Ilagnetoli\-droiiy- 
nalliic shock waves associated n l t h  CMEs 
then  accelerate coplous nu~nbers  of solar 
fnergctlc partlclcs, i n i t~a t ing ,  in  the  case 
of the  solar system, geoinaglietlc storms 
n .he~ i  they interact iiow~lstream n.1t11 
Earth's magnetosphere. 

Enhanced disk-magnetosphere interac- 
tions in protostars. T h e  total photon lumi- 
nosit\- of an  emheLlc~ed protostar is compa- 
rable to that of a CTTS [see flgure 6 In 
(17)].  X'hy then iloes the  former ellilt so 
much Inore energy in  hard and soft x-rays 
( 1  2 )  1 .4ltcrnati\-ely, why docs the former 
accelerate so Illany more fast particles? Be- 
cause one big ilifiercncc 1:etwec11 an  eml~eii- 
Lied protostar and a CTTS is tlie rate at 
n-l1ich disk accretion occurs ( 1  d ) ,  the  un- 
derlying cause lnay involve the enlianceii 
interaction between tlie stellar magneto- 
sphere anii the surroundiny accretion ilisk, 
si~nllar to  p h e ~ l o m c ~ l a  that astronomers see 
111 l'lnary x-ra\- sources aliil ca taclys~n~c 
variables (1 9) .  

T o  Llcvclop this speculation into a usef~11 
tool for the  analysis of YSOs, \vc need a 
concrete ~l lodcl  of the  interaction. Here. \ve 
ailopt the x-wind moilel (La), which has 
heen ilescrlbed previously as the  under- 
lyinc ~nechani i ln  for the  rroLIuct~on of 
calc~um-ahnl im~m-rich incl~isions (CAIs)  
;inii choniirules 111 cho~ l~ i r l t i c  nleteorites 
(21 ). In fact, x-ray astronomers have lolig 
helil tlie conviction tliat x-rays provide the  
crucial link that miqht unif\- seem~ngl\-  dis- 
parate aspects of the rich phenomenolog\- 
that inr-olves YSOs: magnetic activity, pro- 
tostellar \rinds and jets, anii extinct radio- 
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activities in meteorites (1, 22). 
The x-wind model. In the x-wind model 

(see Fig. I), the interaction of mass accre- 
tion at a rate M, through a disk with the 
magnetosphere 07 a protostar of mass M, 
and magnetic dipole moment JL, truncates 
the gas disk at an inner edge at a radius R, 
larger than the stellar radius R,. The disk 
accretion divides at R, into an x-wind out- 
flow with mass loss rate M, = fMD and a 
funnel inflow onto the star at rate &I, = 
(1 - f)MD, where the fraction f is obtained 
by considerations of angular-momentum 
balance in the steady state. This balance 
regulates the spin rate of the central star R, 
to the Keplerian angular velocity R, of the 
inner edge of the gaseous disk with which 
the star shares common field lines. 

The equilibrium state is characterized by 
R, = R,, because if corotation did not 
hold, the subsequent generation of magnet- 
ic torques would tend to reduce the discrep 
ancy between R, and a,. To understand, 
imagine that R, is larger than a,. When 
the star turns faster than the inner edge of 
the disk, the field lines that attach to both 
would continuously wrap into ever tighter 
trailing spirals. Trailing spiral patterns of 
magnetic field lines transfer angular mo- 
mentum outward (23), with the field lines 
adjacent to the star tugging it backward in 
the sense of rotation. This tug decreases the 
star's angular rate of rotation fl, to more 
nearly equal the rate a,. Conversely, if R, 
is smaller than R,, the field lines attached 
to both would continuouslv wraD into ever , . 
tighter leading spirals, transferring angular 
momentum inward and increasing R, again 
to more nearly equal the rate R,. In true 
steady state, R, exactly equals a,, with 
the funnel-flow field lines acquiring just 
enough of a trailing spiral pattern (but 
without continuously wrapping up) so that 
the excess of material angular momentum 
brought toward the star by the inflowing gas 
is transferred outward by magnetic torques 

to the foot points of the magnetic field in 
the disk (24). 

In reality, two surfaces of null poloidal 
field lines are required to mediate the ge- 
ometry of dipole-like field lines of the star 
with those opened by an x-wind and those 
trapped by a funnel inflow emanating from 
the x-region. Labeled as "helmet streamer" 
and "reconnection ring" in Fig. 1, these 
magnetic null surfaces begin or end on "Y 
points" [called "kink points" in (24)l. 
Across each null surface, the poloidal mag- 
netic field .suffers a sharp reversal of direc- 
tion. By Ampere's law, large electric cur- 
rents must flow out of the plane shown in 
Fig. 1 along the null surfaces. In the pres- 
ence of nonzero electrical resistivity, dissi- 
pation of these currents would lead to re- 
connection of the oppositely directed field 
lines (25). Reconnection would reduce the 
total amount of trapped magnetic flux in 
the x-region, which would modify the nu- 
merical value of the coefficient of the equa- 
tion relating R, to M,, JL,, and hiD (24). 

When R, changes, the Keplerian angular 
speed of the foot point of magnetic field 
lines in the x-region will also vary. Howev- 
er, the star has too much inertia for its 
angular velocity R, to alter appreciably on 
the time scale of magnetic reconnection at 
the null surfaces of the magnetosphere. 
With R, different from R,, field lines at- 
tached to both the star and the disk will be 
stretched and am~lified bv the resultant 
shear. The increased magnetic pressure of 
the growing toroidal field will cause the 
poloidal fields to bulge outward, which 
would tend to insert more ~oloidal field 
into the fan of field lines eAanating from 
the x-region. The upward-rising dipole-like 
poloidal fields would ultimately have to be 
replaced by dynamo action inside the star. 
This dynamo action would be enhanced 
because, in addition to any stellar differen- 
tial rotation, R, differs from R,. In princi- 
ple, a secular balance might be reached, 

Fig. 1. Schematic drawing 
of the magnetic field geom- 
etry and gas flow in the x- 
wind model for the produc- 
tion of CAls and chondrules. 
While chondrules are being 
launched from the x-region. 
cosmic-ray irradiation of CAI 
precursors occurs by impul- 
sive flares in the reconnec- 
tion ring, where the distorted 
dipole field lines make an ex- 
cursion to the x-region as a 
part of the magnetic flux 
trapped there. The figure in- 
dicates that thermally driven 
coronal winds from the star 
and the disk may help the magnetocentrifugally driven x-wind to open field lines surrounding the helmet 
streamer, but this aspect of the configuration is not essential to our model. 

with the dynamo-generated poloidal fields 
being inserted steadily to offset a steady rate 
of field dissipation at the null surfaces. In 
practice, observation of the sun teaches us 
otherwise. The dissipation and reconnec- 
tion of magnetic field lines and their resup- 
ply are likely to occur not steadily, but 
sporadically, involving violent flares fol- 
lowed by more gradual recoveries to the 
preflare magnetic configuration. 

The astronomical evidence for fluctu- 
ating x-winds. The spectral lines that diag- 
nose for gas above the atmospheres of TTSs 
vary from night to night of observation 
(26). Time-series analyses of two such sys- 
tems revealed a periodicity in diagnostic 
hydrogen lines for inflow and outflow, with 
the repetition time equal to the rotation 
period of the star (27). If the inner disk edge 
is indeed the source for the hydrogen gas in 
the funnel flow and x-wind (but driven 
perhaps by a tilted rather than an aligned 
magnetic dipole), then these two systems do 
satisfy the equilibrium condition R, = R,. 
However. the maioritv of cases examined 
show no bbvious pkridicities (28), indicat- 
ing that either R, # R, as a general in- 
stantaneous condition or the stellar mag- 
netic dipole is usually aligned too well with 
the spin axis of the disk to give noticeable 
azimuthal asymmetries that would translate 
by rotation to a temporal periodicity. 

Time variations considerably longer 
than davs are also known for YSO flows. 
The spacing and fast motions of emission 
knots (or Herbig-Haro objects) emanating 
from YSOs (29) have inspired models of 
pulsed protostellar jets (30), suggesting that 
the mass outflows from the central regions 
varv on time scales of vears to hundreds of 

(perhaps associat&l with dynamo cy- 
cles like those governing the 11-year sun- 
spot cycle). On even longer time scales 
(thousands of years), systems in the embed- 
ded phase of evolution undergo dramatic 
FU Orionis outbursts (31 ), which are cur- 
rently modeled as large increases in h;lD for 
decades to hundreds of years, followed by a 
long period of relative quiescence before 
the syste.m undergoes a new cycle of en- 
hanced M,. 

We conclude that even if R, equals R, 
as a long-term average, R, will not gener- 
ally equal 0, instantaneously. This causes 
no problems for the x-wind outflow (20), 
because this oufflow occurs on open field 
lines discoinected from the star, and the 
only requirement for the operation of the 
magnetocentrifugal drive is that the foot 
~ o i n t  of the field in the disk rotates at the 
local Keplerian speed R,. However, the 
condition R, # R, does create a problem 
for steady-state funnel flow. The result is 
enhanced x-ray flaring, particularly in hard 
x-rays. 

1 476 SCIENCE VOL. 277 5 SEPTEMBER 1997 www.scienc 



Imnlicatinns for CAI and chundrulc 
formation. \Xre now ci~niiilri- the  ctrnsc- 
q u t n i e  +-)f '1 iluctilatirlg s-n.~nil  for the  prii- 
~ lui t lar i  t-1i C.41~  nil i t i i ~ n ~ l r ~ ~ l c . ~  L-;. d>t; 
r,ii\i:~ti\.t h e : l t ~ n y  ;ILIL~ n~ r l t i ng  ilt il~lsthalls 
l>rc\uS!lt b:. disk ,3scrctii,l1 to  !he inner edge 
i-lf rhc dihk (21 ) .  Thc rccr~nncctlun ring 11c> 
tieli-in. the  t ~ u i n r l  t l i n ~  and n.111 theretore 
rempi?r.irilv i i intain mi l l i i~~ctcr-  tti clenttlnc- 
trr-bixd strli~ib t l ~ t  idrt-111 out a. iriolten 
sphtres trtoiii rhc iunnr l  !pi [-in the \v,i\ ircunl 
the  s-rtqion to rhv htar. 5thl.i can also h i t  
inti, rhc r r c c ~ n ~ ~ e c t i o n  ring f i i - ~ ~ n  t k r  s-re- 
~ i i i n  11)- tllc clraK tisertrLi I>\. Iriilre ~ 1 o n . l ~  
t.irbirinq ga> ( 3 2 ) .  Iii  clrhrr ~vc,rcis, tlit. Inner 
ciigc i d  thy dosr J i>k  \\.ill gencr;~llv 11e ,it ;1 

.;rnallcr ra,11~1.; tll;tn [hc innvr edge nf thc  g;:i 
disk. This cc~riclu.itrn .Icrers \i,lth &tort> tci 

~iptii:rll\ thick dust disk? to e s t c n J  ill\\ aril 
t o  the  Just  ev:~pciratic>n p i ~ t n t  fi-ir CAI-lihr 
maicri.11 i.;). If these solids \Yew Ictt r e )  
thcn~st.Ivei, they \vciuld l i \ \vlv spiral iil\t,al.d 
thrtiueh the  cquatc~rial p lant  ;inii 'ticrere 
i d s  i.~iicir) imti-l the  illn, mucli as th i  iiv 
parrict~l:?tcs cL)tnpcistng Saturn's rmg grad~l-  
'1111- ~ r ~ i q r ~ ~ t r  towLtrLl t l ~ a t  p1a11ct t l ~ r ~ i ~ ~ g l j  ;+ 

v,lrlcty ,.it' a n g u l a r - m o m r r ~ t ~ ~ ~ n  transpt:irt 
prilicr>ei. Bei:,re this 1 1 * ~ ~ e n s .  tlcxi.cvcr, :In 
in~v:?ril f iuctuatl i~n of the  1L.icarion <it the  
base nf tllc z-\i.ind m ~ g h t  siciur this regliln 
trer ~ r f  t ts i(711d5, 

T o  its iiiras, n.c ctmzidtr ~pcci f ic  n u ~ n e r -  
~c;i l  t.s::mplvs c i~ns t ruc t r~ l  t~:i r r i i r r - i i i  rllc cf- 
k s t s  iif magnttic c ~ i l c s  in the I\$ n f i i i ~ ~ c i ~ t l  
igrsts ill-in~1iler.ci.1 iri ( 2  1 i. O ~ - c r  the  course t 7 f  

iiccailc, st\-, rlic stellar mnpnctii nloIncrir 
pi \.:1r1c> 17v ;i i ; l~ t i i r  Z or 3 ai:mr rhc mc,in. 
T h e  ftrrrnul~a civen In ( 2 1  p11.1i tlle v:~iucs 
cited or ;:ilcul;itrc! there for Ll,:, R:,, L,, 
hl,, hi,,, and cu - 3 1 : , , ~ 1 ~ , . , 1 ' 1 h ~ 1 1 , R ~ , ~ , R ~ ,  
u;hcre L,. 1s the tc1!:1r ~ U I I ~ ! I I C ~ S ~ ~ Y .  C., 1s the  

) L 

drag rt)cttlcirnt, p, I rhc 1ntrrn;tl d e n i ~ t j  of 
a (:.\I i>r chri>niirr~lc vrccursc~ir, and R _  1s the  
rCtdilis n t  :I CAI CIJ cl1ronLir~11r prvcur?i>r3 
lcuil tu the rcsulti- l i~ te i l  In Tahlc, 1 allil 2 .  

Tclilporal 7-.iriatlcins o t  4P tTr 517 kni 5 - '  

In the  \r-intl'i rerll-iinal velt~clity V ~ i i e ~ ~ ~ t  the  

jets. in thc  hlrh ~ r ~ a g n r r i c  tc1rc of tllr t.m- 
l-cil,ir(! prot:s.;t~r 111 Table I ,  thc  I~:I>I. tcln- 
pcraturc T, is 750 K. w h i i ! ~  t s  rliit ciuitc 1cnv 
t.ntr~1411 (6dP K) to a11i1\v thc  precursor ri.~ck.; 
tc? serjln FcS ( 34).  C:hirnilruli.a prt:idlrced 
iIilrtr>g rhc hiyh lnagizirlc st.+tu t i t  tlzc re- 
\-e,ilcd C T T S  in T;iblc 7,  wlicn ?,.: = 50L7 
K, ilc: 1.rertrr. W h e n  1,iunihecl In the  hi211 
at,itt i>t' tlir f l d ~ ~ i ~ a l  c.1rllbei.iL1t.d iixlrcc., rocky 
ricquirc - ar-iil m : l ~ n t a ~ ~ ~  pi.:rk teniper;lr~~rc> 
T ,p ,, near I3 i 'C K riir n tC.n J , I \ s .  T h ~ h  
~t~icl\Tss t ~ i c  i?;lrt~<rl rtrentit)ri S ~ J I L ~ I  ; ~ t ~ c t  

tilg:3clrv in thc  s -~vint l  ii . ; t~ft~c~cnt!v lhi<11 
[hec the  ili.i,~iiii.ln in ( 2 i  ) I .  i:h~.lnilri~lc,> 
1;1111ich~J 111 tllr x-ivincj dilrlnil the l i ~ e h  
.;t,3;2 i l k  t!ii' f i i ! u ; i ~ ~ - r ~ v c ~ ~ c d  sc;ur;i. d,, nt-:r 
evt.11 r c i ~ u ~ r c  t h r  hene i~ t s  t-:i high-tisvgei~ 
fuq.~cit\. r(1 rctaln ~ l ~ e i r  k i - i i l ~ ~ ~ r n  hcinusr 

rcache.; trnlv $1517 K in r h ~ i  i:?sc. Tht 
tvplc,~l diarnetcr\ 1R,- = 3.C ;ii.zcl 17,14 Inn1 of 
the  rucks ~ h a r  r i . t~~r .n  tct tl-it i1i.k are cil1-n- 
j ~ I ~ ~ i l ' 1 ~  to thc  ihiinclr~~lch fiiuntl in i:irbc~)- 
n;3ictrui .lnil t.irLllrr:3ry ch t rnd r~ tc .~ ,  reipei-  
ti\ e l ) .  I!niisrtunatvly~ i t ]  hi-~th rases, thc  
Tp?i,L, 1 ~ ~ U C S  ri.,~chcii in the  x-winci arc. in- 
srlfticirnt La l i~elr  m;~gncslu~n-in:i11 I I ~ I C R ~ C I  

a ~ x i  hence rt-1 I .roii~~rc thc  tt:\tures ,ind 
~ l r i ~ t ~ l c t  > 1 l c i ~ ~ i ' l i  t i t  ~ l ~ i r ~ ~ i 1 ~ 1 1 I c i .  

F!:?r,- c~l:li:~ii:>g nrclr :he I - rc~i : !n  b t -  
t'iire the I:~LIIICII tit the  chilniirulcs may pro- 
v i d ~  3 _iiiluriiin ti i thc  irl~e)\ r tllthcultj-. T h e  
t?c,rk x-ray lumlnosirv rcacheii in tht. rni-iit 
pilwt.rful flarrs z,lrl r i n 1  tllc p h i ~ t i . i ~ ~  Illmi- 
nilsirs o f  the  b\atvrr-i ;it ~ l l  either \va\.e- 
l c n ~ r h s  ( 1 2 ) .  T h c  estr;i ~ i c l i a r ~ v c  licatin2 
i ~ r o \ ~ i J e ~ i  I > )  ~ L I C ~ I  i1,ircs can L : ~ I S ~  t11e t \ ~ s c  
vzl11c ot T, t i 1  do111.1~ or trlplt \ i l ~ ~ l e  thc  
rrorochi-indruic ilci n r J r  tlie x-rcclon Tlit. 
1:irgt. tffecr :3i.~scs t~t.c,rusi r l ~ e  s - r :~v  cl-ierp) is 
r~~1cLt~eiI  ith her ~ I O S C  r ~ i  the rock.; ( ~ h c 1 - i  t i i ~  

tl;lrc g i ~ c i  off ill the  r c c o ~ l n r ~ t ~ c n ~  ring) or 
above rhcm 111 .? jieil!nerrI: t h ~ t  Lirie! nor 
111\i>l~e vcq- c) !~l iq~~c r:-~y.c ( ~ v l ~ c n  t l h  flare 
qoes off In tl-ic helmet stre31lit.r). l t  t h r  
di~u!~lii- i~ t.rr trip lit^^ i)t T, c;ru.it'; the prr7til- 
c l ~ c i ~ ~ ~ i ~ - ~ i l c  t ~ i  vlirori:~. 11ci II;IL.ILI i i  II~>LIC, 
hec:3115c tl1c ~c~ll>tLti~e1-lt atolI15 \<:ill >inlply 
rt.condrnsc stime\vhcre elic :is ,I i i u ~ t b ~ ~ l l  (i-)r 
a h  a rim t-rnro :I prccsisting prtir~i-i,AI) iinze 
rhc tlxrt. 1i;ii ~ ~ ~ l ~ t i i c c i .  t)n tilt. o ther  h,i i~ii ,  i f  

the  i l i > ~ ~ l ~ l i i l ~  ur tripling trt T,: l i c~pp i ' i i~  ti-) k,c 
in the  ral-igc ~ppriipri;iie ti.1 mr,lting yst~t,:i- 
chi;ndr~i!e.;, then tlic b:.icl\ stays :r,iiltc:: 

L.ilIl\ ti-11. t l l t  pcr1oLj ot ti111e (tC115 ,-,I' tl>lll,lrci 
rilr a11 i i i~p~~i s iv t .  tlnrci thar t h i  tlai-r inr-i.r~- 
stt\- ~~c : i r  11, ~ I I ~ I ~ I I I ~ ~ I I I ~ .  5uch  COII J I~LI -~~I?  
arc pcrttc: p r o i l ~ r c ~ r ; ~  t h ~ '  ~ i l ' \ ~ s \ r i l  
cl~iindrulc tcsturrs,  n.l-111e tllcv krill ,tllo\\. 
iotne cht~niirulcs tu r.rr,>lri t l ~ c i r  ~ncilcr.ltc 
\.olutllci (-35). 

J1i t h r  Il-ia. m,igiictii start., \\l-ri.~-i thc  
ln1-it.r edge i i f  the gas Jlsk pu i l~es  c10st.r to 
rhc central star, [lie T~: v,~luc. 111 t l~ i .  t l n -  
1 ~ i l i i e J  ,lnd rt.vt,ilcd c;iici :Ire 11;K ariii 
1LiY K5 rc>pcctivc.l~.  1\11ic11 arc high 
ei~ei~1~11 clrtvc 011t 111cj5t ~ i i  t.lie FcS, N,I, 
m i l  K, especr:=Jl\- it the  prrturst?r ~.t.~cli:, rc- 
.iLlr tt-11 Lkc i~des  ;?r VICI I  I - > ~ ) ~ L I ~ \  liei'ore the 
x-\viilLi L C L ~ L I ~ ~  i.)ur r11c rcclLilI. \T71ifn 
l ,? t~niheJ ,  - r!>cl,s : I C . ~ I I I ~ L ,  qnii ~ n ~ ~ l n t ~ r ~ i l  
T Y R I I I C ~  11c.a~. 21170 and I hl?P li f ~ > r  ilcrvs, 
n\licl> itill i.v,lpi.~r.ite i u ~ ~ s t  t ~ r t .  111r 1n;ignc- 
s i i in~- i ru i~  ~ ~ I l ~ a t e i *  T h e n  LIVCILI? L1lff'i<11lt1ci 
c l i s ;y -p~~~r  (.<i<), 1er11 ~ n q  pri111,1rilv Lt ~-rt'~.;rct<i- 
rv rcsiiiuc tit ~ilc-iltcn iir ~ iar t i~r l l )  r l l ~ ~ l t r t ~  
c:~lcit~~r~-;~l~~~n~i~i~i~~ oxidt i  XTILI  s ~ l ~ c ~ i r . ~ > .  T h e  
t\pic;il sires 1K,: 4.') c ~ l ~ i i  17.22 mrrl fiir thc  
rocks 11131 rerurn to  the ;~,trl.il~tj bclt ,ire 

c h ~ r ~ c t c r - i < t l i  of' C,Ali ib7~1nil in c ri-bt-rn,-~- 

Table 1. F I + I C ~ L I ~ ~ I I - I ~ ~  s-'\,a'nd ~r~clclel I I  e1nt:rrddeci stage. 

G.)ant~ty High state 4t:erage stste Lo,q,. s , ? d t ~  

Table 2. Fl~~rtuatnq :i-i$ilrtci rncrdel ti reveale~ci stage, 

Uuantty H~gt-I itate Atieraqe stete Lc'o state 



x-wind model. Indeed. with thick mantles 
likely for proto-CAIs, the  evaporation of 
less refractory material in the  x-wind prob- 
ably removes more rim material from CAIs 
than is added by in-flight condensation. 
Moreover, because the  temperature swings 
in  the  reconnection ring are nonmono- 
tonic, successive layers that survive need 
not  be arranged according to a strict con- 
densation sequence. 

Interruediate maenetic states allow for " 

refractory objects that neither tnelt nor va- 
porize when exposed to flares or when sub- 
seauentlv launched by the  x-wind. Such 
obiects ;nay retain shapes that resemble 
fluffy aggregates. If these fluffy aggregates 
are sufficiently large and dense, they will 
not  couple perfectly to  the  x-wind by gas 
drae. and thev can reenter the  disk after u ,  

traveling to planetary distances. Is this the  
origin of the  amoeboid olivine inclusions 
fo~ lnd  in  chondritic meteorites? Ulould the  
carrying of the  smaller or less dense coun- 
terparts of these bodies to  interstellar space 
by the  x-wind explain the loss of such re- 
fractories in  ordinary chondrites [see figure 
7.3.6 of (37) and the  discussion o n  page 
1550 of (21)]? 

Over a complete magnetic cycle (de- 
cades), the examples given in Table 1 and 2 
can produce both CAIs  and chondrules. If 
the  CAIs and chondrules thrown to  the  
main astero.id belt accrete there onto  bodies 
larger than  -10"n, we need not  worry that 
CAIs and chondrules have inward radial 
drift time scales of onlv -10"ears 132). , . 
For accretion tiines onto  parent bodies 
shorter than the  YSO evolution time of 
about a million years, the  size differences in  
CAIs  and chondrules produced during the  
etnbedded and revealed stages can be main- 
tained in  the  resultant meteorites. W e  ad- 
dress the  question of the  relative frequen- 
cies with which CAIs  and chondrules are 
found in  carbonaceous and ordinary chon- 
drites after we first consider the  gross ener- 
getics of magnetic energy release in the  
x-wind model. 

Rate of magnetic energy release. W h e n  
a,: # ax, diluensional analysis of the fun- 
nel-flow configuration gives the  rate of in- 
crease of ruagnetic energy EI,,c,g as 

where 7 is a dimensionless form factor that 
incorporates the  details of the  specific field 
geometry. In  the  x-wind model of Fig. 1,  
where only a third of the  field lines trapped 
by the  x-region are tied to  the  star, giving 
rise to  f~ lnne l  flows that end o n  hot  spots 
occupying several percent of the  surface 
area of the  star (241, we expect q < 1. 
Numerical simulations of solar flares suggest 

that the  disruntion of helmet streamers trie- " 
gers CMEs o n  the  sun when the  accumu- 
lated shear has increased the  field energy to 
a point where ejection of magnetized plas- 
lnoids opens the  field lines under the  hel- 
met dorue [see figures 1 and 2 in (38) and 
also the  siruulations in  (3911. For the  geom- 
etry applicable to YSO funnel flow, the  
analogous process in  the  reconnection ring 
will also sporadically inject fresh poloidal 
fields to be trapped by the  x-region, offset- 
ting later reconnection losses. 

Applied to  the  examples of Tables 1 
and 2, we suppose tha t  the  star has a n  
angular velocity equal to  a, of the  average 
states, a, = 1.1 X lo-' and  8.7 X 
s-'. T h e  scale R:, - R,p2/R: for disk- 
augmented tnagnetic energy release is 
therefore 7.0 X and 5.2 x 10'' erg 
s p l  during the  high states, and  it is 5 .4  X 
loi3 and 3.4 X lo3' erg s-' in  t h e  low 
states. These  scalings suggest, for both  
high and low states, t ha t  the  model in  
Table 1 is -15 times more powerful a n  
x-ray emitter t h a n  the  inodel in  Tahle 2,  
with most observed C T T S s  probably in  a 
more advanced stage of evo lu t io l~  than  in  
the  fiducial example in  Table 2. 

T h e  above conclusions are insensitive to 
the  specific'numbers used in the  models. 
W e  obtain the  x-ray luminosity from Lpf = 

~,clE,',,/dt, where E, is t he  efficiency for 
generating x-rays and is < 1 because some of 
the  magnetic energy release goes into the  
kinetic energy of CMEs, accelerating fast 
particles, and other wave bands. If we now 
write In,,, - Ry: = SR,, where S is a 
number of order unity, and if we eliruinate 
p::: from Eq. 1 by using equation 1 of (21),  
we get 

where = 1 . l 5  in the  model preferred by 
(24) and G is the  universal gravitational 
constant. Thus, with everything else rela- 
tively equal, the  release of magnetic energy 
is proportional to the  disk-accretion energy 
scale GM,x4D/Ry, which is larger in  earlier 
stages than later ones. Because Lr' mea- 
sured observationally is much lower than 
the  scale GM;:,hlP/Rh, the  product E , ~ S  
must be << 1. 

Soft x-rays, plasma drag, and survival 
time of proto-CAIs. Coronal plasrua at 
-10' K can be trapped by closed loops of 
maenetic field o11lv if the  nressure of the  u 

hydrogen plasma, -2nekT, where ne is the  
electron densitv and k is Boltzmann's con- 
stant, is less than the  magnetic pressure, 
B2/87i, at the  weakest point of the  loop. For 
the  average state in  the  fiducial model of 
Tahle 1,  the  tnagnetic fields below the  Y 
points in  Fig. 1 measure 5 1 0  G. Wi th  the  

other cited values, our constraint becomes 
ne 5 B2/16nkT 5 1 X lo9 cmp3.  From 
thermal bremsstrahlung theory, we can cal- 
culate that a hydrogen plasma of ne 5 lo9 
cmp3  and T - 10' K, confined to  a volume 
-R: - loi6 cmi, will radiate a luruinosity, 
Lx 5 loio erg s-' (51, consistent with the  
assumption ruade a t  the  outset that most of 
the  total x-ray luminosity inferred from 
R O S A T  observations for protostars is 
associated with heating by fast particles 
enhanced by strong disk-magnetosphere 
interactions. 

T h e  nlasma tied to  field lines attached 
to  the  star corotate with the  star, but rocks 
i n  the  reconnection ring rotate a t  a local 

u 

Keplerian angular speed R > R,: o n  aver- 
age. T h e  slip occurs a t  relative velocity 
Av = ( R  - R,)R, which is typically less 
t h a n  the  thermal velocity v, of the  coro- 
nal hvdrooen ions. T h e  resultant drag has , - - 
a n  associated spiral-in t ime of -p,Rcv/ 
pgvTAv, where p, = 3 g c m p 3  and p, and 
v = R R  are the  mass density and  Kepleran 
speed, respectively, of the  ambient gas. 
W i t h  p- - 5 x 10p16 g c m p i  (ne - 3 x 
10' cmZ3) ,  - 3 x l o7  c m p l  ( T  - 10' 
K ) ,  and v - 3Av - 1 X 10' c m  s p l  for R 
equal to  80% of the  corotation radius, the  
spiral-in time is -10 years for a proto-CAI 
of diameter 2R. - 1 cm,  but it is onlv -1 
year for one  of diameter 2R, - 1 mru. 
Thus,  if normal CAIs  are produced froru 
precursor rocks deep inside t h e  reconnec- 
t ion ring during the  average state, fluctu- 
ations in  the  x-wind o n  a time scale At - 
10  years have a reasonable chance of re- 
trieving the  CAIs  when thev have the  
centimeter sizes tha t  characterize the  larg- 
er CAIs  of carbonaceous chondrites. H o a -  
ever, under the  same conditions, the  fluc- 
tuating x-wind would find it difficult t o  
retrieve CAIs  of the  millimeter and small- 
er sizes that  occur in  ordinary chondrites. 
Perhaps this yields another reason, i n  ad- 
dition to  those given in  (211, why CAIs  
are abundant in  carbonaceous chondrites 
and  rare in  ordinarv ones. 

Extinct radioaciivities in meteorites. 
Fluctuating x-winds also have the  potential 
of reviving a discarded explanation for the  
extinct radioactivities found in meteorites 
(40):  borubardment of rocks by cosmic rays 
froru the  young sun (41,  42).  This possibil- 
ity has conventionally foundered o n  the  
fact that a proton plus alpha fluence suffi- 
cient to synthesize 41Ca,  and j3Mn at me- 
teoritic levels fails bv one to two orders of 
ruagnitude to  produce e n o ~ ~ g h  '"1. How- 
ever, impulsive flares arising froru recon- 
nection events in  the  reconnection ring, 
where CAI precursors lie before they are 
launched by a n  inwardly encroaching x- 
wind, accelerate numerous 'He nuclei to  
mega-electron volts per nucleon and high- 
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er energies. Such particles, competitive in 
numbers to protons and alphas in impulsive 
flares (161, can yield '6Al by the exother- 
mic reaction "Mg(3He, p)'6Al. Unfortu- 
nately, a corresponding reaction, 4%a(3He, 
2p)4'Ca, overproduces 41Ca by about two 
orders of magnitude if the 'He fluence suf- 
fices to give '"1 at the required meteoritic 
levels (42). The overproduction of 41Ca 
relative to '"1 can he avoided if proto- 
CAIs have thick mantles of less refractorv 
rock surrounding Inore refractory cores, as 
described in the section "Implications for 
CAI and chondrule formation." Then, 3He 
nuclei of about a few mega-electron volts 
per n~~c leon  are stopped in an outer rock 
layer of thickness -60 pm after they have 
had a chance to interact with the target 
atoms "Mg for producing '"1 hut before 
they have penetrated to the core to interact 
with the target atorus " T a  for prod~~cing 
41Ca. Upon launch in the x-wind, the '"1 
atoms will diffuse to the calcium-alumi- 
num-rich core, whereas most of the mag- 
nesium-rich mantle evaporates away, leav- 
ing the thin rims found on norrual CAIs. 

We present elsewhere a full exposition 
of this topic (42). For the present, we mere- 
ly note that if 26A1 is produced within the 
solar system at different levels in CAIs and 
chondrules rather than seeded at a single 
uniform value frotn outside (361, then many 
difficulties disappear with having to form 
CAIs a few million years earlier than chon- 
drules, and having to store the former in the 
nebular disk while waiting for the latter to 
emerge (32). Thus, the extension of the 
theorv of x-winds to include the notion of 
fluctuations opens for quantitative investi- 
gation, within a single framework, three 
subjects inaccessible to the steady-state 
model: the enhanced generation of x-rays in 
YSOs, the flare-heating of chondrules, and 
the solar cosmic-ray synthesis of short-lived 
radioactivities in meteorites. 
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