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THERMAL X-RAYS AND DEUTERIUM PRODUCTION IN STELLAR FLARES

Stirling A. Colgate, Theoretical Div., Los Alamos Scientific Laboratory

Abstract

The x-~ray spectrum of flares is shown to be necessarily thermal up to
# 200 keV because the self magnetic field of any electron stream required for
a thick or thin target source is inconsistently large. The resulting flare
model can then be related to stellar luminosity, convection and magnetic fields
to result in a maximum possible y-burst (Mullan, 1976) and continuous x-ray
flux. One of the most striking isotopic anomalies observed is the extreme en-
richment of Helium (3) in some solar flares and the mysterious depletion of
deuterium. We discuss how deuterium may be produced and emitted in the largest
flares associated with y-bursts but in amounts insufficient to support the
tentative conclusion of Coleman and Worden (1976).

Introduction

In a separate paper, we (Colgate et al. - these proceedings: "Helium (3) -
Rich Solar Flares") discuss a model of solar flares based upon the enhanced dis-
sipation of the current associated with a twisted helical flux tube convected to
the surface of the sun. In the case of the August 4 flare, the theoretical
thermal x-ray temperature T = 2 and x-ray emission measure ne2 Volume = 6 x
1049 derived from total energy, dimensions and time agree remarkably with ob-
servations. We thus extend these considerations :to other stars by deriving in
greater depth the arguments for expected magnetic fields.

The Origin of Stellar Maenetic Fields

The generally accepted view of the origin of stellar magnetic fields,
Parker (1971) 1is that a small dipole field is amplified by a large factor by
differential rotation of a laminar, i.e, non-convective core. The resulting
torodial magnetic field (actually two or more oppositely directed toroids) lies
entirely within the star. The outer boundary of the toroidial field is the base
of the convective zone. Convection then carries some of this toroidal flux to
the stellar surface. Additional flux can erupt due to excessive toroidal field
strength (Leighton, 1969). Since convection takes place in a rotating system
(the star must be rotating), the conveclion is partially cyclonie, i.e., a loop
of flux will be twisted about a radius vector of the star. Heace, a loop of
flux initially in the toroidal plane will be rotated-stochastically into the
dipole, or orthogonal plane. The release of flux loops by resistive dissipation
above the surface of the star in the dipole plane adds to the initial small di-
pole field and hence a generator occurs. The saturation of Lhis generator
occurs cither because of a limited differential rotatior stress or a limited
convection stress.

The sun is a convective star which mcane that within a distance AR from
the surface at R all the heat must be carried by thermal convection. We will
summarize the physical arguments for AR rather chan relying solely upon model
calculations.

The boundary between convective and non-convective core is determined by
the condition that the temperature-density distribution must be not less than
adiabatic, otherwise an interchange between two fluid elements, vertically, can
lead to more work done on the rising element than on the subsiding one and hence
inetability and hence turlulence. In the event of no turbulence and just radia-
tive transport and pressure balance in the outer lavers of a star where R and M
arc effectivel, constant lcad uniquely to what is called the "radiative zero"

solution Schwarzschild 1958) where T:ip »2°., The exponent is quite insensitive



2
to various model paramecters and so the convective-nonconvective zone boundary
occurs where the effective gas ratio of specific heats, Y, falls below 1 +
1/3.25). Since a free particle gas has Y = 5/3 we only expect a lower Y where
ionization occurs. Radiation pressure also lowers Y, but only asymcotically to
(1 +1/3). Hence, in the sun where radiation pressure is not Jominant, the con-
vection zone boundary will occur near the onset of the highest helium ionization
potential = 50 eV depending upon density. Constituents of higher atomic number
are fracticnally too small to make a difference in Y.

The surface temperature of the sun, Tgur = 1/2 eV and the scale height
hgur = T/gMp =2x10" cm. g = MeG/Re¥, and Mp = mean molecular weight = mass
of the proton, (nonionized at the surface temperature). Therefore, the scale
height at the convective zone boundary, hgon = hgurTeon/Tsur = 2 X 102 cm. The
depth of the convective zone ARgcop = hogn/(¥Y-1) = ¢ x 107 cm in reasonable
agreement with model calculations where ARgon = 1040 cm, (Schwartzschild 1958).
The density at the convective zone boundary scales as

1
Teon ) Y72 Tcon
Peon = Paur {T_ - = Psur\ T ] = 2 x 108 pgyr. (1)

We note that this result is very sensitive to Y and hence a crude estimate.
Since pgyr = 1/(Ksurhsur) = 5 x 10-8 g/cq;3, where K¢ . is the surface
opacity, then
Pecon = 0.1 Kgl L-1M T 3 g/cm-3 (2)
vhere we have included the scaling in terms of surface opacity, and luminosity,L,
radius and mass in solar units, i.e., chur 4R2 = L etc.

Turbulent Convection

In a fully convective region, i.e., where heat transport other than by ccn-
vective motions is negligible, the buoyancy force per unit volume in pressure
equilibrium is Fp = AT/T pg. If this force is converted into kinetic energy of
the buoyancy element rising one scale height, h = T/g, and the energy is divided
- equally between rinetic and potential cnergy, then Fph = pV2 & AT p or vZ = AT,
The convective heat flux ¢ should be a fraction (= 1/2) of the mean convective
velecity times (p AT) so that the convective heat flux, which must also be the
luminosity, becomes

¢ = 1/2 (Vp AT) = 1/2pv3 = L/4IIRZ. (3)

The maximum convected fluld stress is = pV2/2 which must be larger than the
stress of the magnetic field that presumedly 1s to be convected to the stellar
surfuce. Therefore B%EXISH = pV2/2. Since the convected heat flux in Eq. 3
must be constant, the turbulent stress pV2 2 v=1 1 p-1/3, 1In other words

as we go radially outwards from the convective zone boundary the turbulent
stress Increases so that once a flux loop is 'torn" loose, we would expect
further magnetic flux convection to take place not limited by the turbulent
stress. We must also check that our scaling does not violate our convection
assumption of local pressure equilibrium; namely, the convection velccities
should not exceed sound speed as we approach the surface. If we use equations
2 and 3

Veon = 1.1 x 10% K1/3 12/3 1 -1 u-1/3 R?/3cp gac-l (4)

where again solar units are used for K,L,R and M. At the surface the convect-
ive velgcity will be larger by (pcon/psur)l 3a Teon/Teur = 100, or Veur =106
cm sec™". This just slightly exceeds sound speed at Tg,, = 1/2 eV in partially
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ionized hydrogen so that it agrees with the solar surface convective motions

observed where line widths (AA/A) ¢ = 5 x 105 cm sec”l. If we use this velocity
distribution, then the maximum magnetic field that can be convected is

Bpay = 1.2 x 104 (%%)1/6 R-2/3 T‘:cml/2 gauss . (5)

The magnetic fields intergreted for some white dwarfs (Angel et al., 1974) are
as large as 5 x 107 to 10 gauss. These fields are not obviously within the
scaling of Eq. 5 unless we recognize that in white dwarfs the convection zone
is likely to start at the boundary between a carbon-oxygen core and a helium
atmosphere. Hence T.on (white dwarf) becomes that of an oxygen boundary = 16
Teon (solar). Then if L white dwarf ~ 1072 Lo, and K = compton at Tg,rface
white dwarf ~ 15,000 degrees, then Bp,y = 2 x 107 gauss. A helium burning shell
will force convection to initiate deeper yet and so may explain the somewhat
larger observed fields.

The Topology of Convected Flelds

The absolute maximum average field that could be convected to the surface
of the sun by these arguments is 104 gauss. The average filelds are very much
less than this, 100 gauss, but typical sun spot fields extend up to 5000 gauss.
We do not believe there is yet a strong physical argument leading to a predic-
tion of the ratio of maximum/average but we note that for the August 4 large
flare B = 103 gauss which is comfortably less than the maximum value. Further-
more, the magnetic pressure of this field, B2/81 is approximately thea same as
the gas pressure of the photosphere so that below the photosphere the magnetic
pressure will be everywhere small compared to the gas pressure so that the field
will only be a small perturbation on the turbulent motions. We expect that a
large stellar flare will be that turbulent extremum that convects a loop of flux
of the size of the largest eddy and hence scale height, h » of the convective
zone. Such eddles reach the stellar surface only rarely without breaking up
roughly each scale height in agreement with the rarety of flares. Finally
since vorticity is a stochastic variable in turbulence, we expect such loops to
have an arbitrary twist one end relative to the other. The scale size, h o, =
2 x lochon uRZ2/M cm, where u = molecular weight, and the twist are both in
agrecment with the topology of solar flares.

We now consider the question whether using this model of the origin of
flare fizlds and the associated model of the x-rays from stellar flares (Colgate
et al. - these proceedings) whether y-bursts are a reasonable extrapolation as
suggested by Mullan (1976). Mullan argues for flare densities based upon
chromospheric densities. On the other hand we have pointed out that the photo-
sphere, heated by the thermal conduction flux, expands along the flux tube
rapidly and reaches pressure equilibrium in a time short compared to the flare
duration. The equilibrium pressure i1s determined by the condition that the
flare radiates at the ends mostly in the XUV, at the rate that ecnergy is re-~
leased. At constant pressure the bremsstrahlung radiation from the major length
of the flare 1s a small fraction of the total hecat.

White Dwarf y-Bursts

The maximum mapnetic field strength derived on the basis of the convective
stress is Bpax = 108 gauss, and indecd such fields are observed, but_we believe
a more conservative value analagous to the sun is 1/10 of this or 10’/ gauss.
This Eives a pressure large (x 100) compared to the photosphere, but cmall
(10"1 ) compared to the base of the convective zone pressure. The size is de-
termined by £ = hoon * 4 x 108 cm where R = Rav70 = 109 cm, U = 2 and Teon =
2.5 x 108 degrees. This flare size agrees with the spot size derived from light
variation (Mullan, 1976). Then if we choosc the same topology of a twisted
flux loop of diameter = 1/10 length, then the total flare cnergy Wr =« 2 x 1036
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ergs. This encrgy places the median size v-burst at roughly D = 30 pc as dis-
cussed in Mullan (1976). Both his discussion and Strong et al. (1974) conclude
that y-bursts are more likely at D = 300 to 3000 pe which requires 102 to 10%
times our suggested energy. Mullan models thest values by choosing By = 10
gauss and £ = Rg = 107 cm. The time scale of the flux dissipation is an uncertain
modeling parameter but if we use the resistive instabllity as the basis of the
filamentation and enhanced resistance, then t = tg £/£g (VA/VACQZ/3 where £ =
length of the flare, = h.gn = 4 x 108 cm and VAo = the Alven speed. tg = 100
seconds for typical solar flares, £/8g = 1/5 and (V4/Vp0)2/3 = 1/10 so that
t ~1 to 2 sec in agreement with typical y-bursts (Cline et al., 1973). Then
the temperature determined by thermal conductivity alone becomes

Wr ¢ \2/7
MIRp2tKq
to the August 4, 1972 solar flare Wr = 1031 ergs, £ = 2.5 x 109 cm, Rg = 108 cm,
t = 103 scconds, so that for the white dwarf flare Teonduction = 8 x 109
deg = B00 keV. This 1is higher than estimated for y-bursts ~ 150 keV (Cline
and Desail, 1975) but thLe thermal conduction loss solution is unrealistic for
these high temperatures. In particular the density distribution based upon
thermal conduction, prescure balance and radiation primarily in XUV from the
ends assumes that the bremsstrahlung contribution to the radiation loss is
small. This assumption is valid in the case of solar flares where Tpax = 1 to
2 x 107 degrees and the XUV radiation loss i T-1/2 dominates over bremsstrah-
lung T+1/2 up to 107. In this latter case the above three restrictions result
in a total radiatiocn loss per logarithmic temperature interval :: T1/2. 1In the
case 0of non-relativistic bremsstrahlung this becomes ! T and for relativistic
bremsstrahlurg (kTe = 1/4 mcz) the radiation loss per logarithmic temperature
interval becomes proportional to T3/2, Thus the major energy loss will occur
in the region of Tp,, for the white dwarf flares as opposed to lower temperature
XUV in solar flares. This is simply because high temperature bremsstrahlung
is a more efficient radiation mechanism than XUV, given the thermal conduction
solution. Then the surface layers of the star will continue to expand up the
flux tube until the radiation rate eguals the heating rate. We note that the
sound speed Cg at 150 keV is Cg = 107 and the time to reach pressure equilib-
rium is £/Cq = 2/10 seconds. Thermal stability considerations limit the tem-
perature to the value separating the relativistic and non-relativistic brems-
strahlung, i.e., kTe = 1/4 mcZ =~ 100 to 150 keV because only below this tem~
perature 1s the regionof T, .. staHe.Then the bremsstrahlung radiation loss
rate in this region equals the heating rate and using the results of Maxon
(1972) for electron-electron and relativistic bremsstrahlung we obtain
wp \1/2
ng ¥ 7 x 1010 | o=

by Charikov and Starbunov (1975) but they simply took the limiting dimensions
given by Ax = cAt aud derived a density of n, > 1016 cm—3 assuming bremsstrah-
lung. Thus we have a description of a Y-hurst as the largest stellar flare -
following the original sugpestion of Mullan, but substituting a solar flare
model limited by stellar convection, and based upon conduction, pressure balance,
and XUV radiation.

We now consider the likely particle acceleration and spallation in such a
flare. We have already shown in solar flares how it is consistent to assume
that all the curr.nt of the flare *s carried by run-away ions, and the electrons
are immobilized by instabilities. The current and potential drop in the present
case of a largest white dwarf flare are; I = 5 R Bgp = 1015 amps and V = d/dt
(inductance x current) = Wp/I = 4 x 1014 yolts. .

T=2x 107 degrees where the quantities are scaled

= 1017 cm=3. This is somewhat higher than estimated




Deuterium Production

There are two sources of deuterium from such flares, the one from the
spallation of 4He, (about 1/3), and the second from the capture on hydraogen of
neutrons resulting from partial and more complete spallation of the 4He. In
the case of 3He-rich flares, the neutron capture process would te the only
source of deuterium but in order to contribute to the galactic deuterium abun-
dance the deuterium formed by neutron capture must be ejected from the szellar
surface before convection carries it to stellar regions where it will be de-
stroyed. In this paper we consider only the direct spallation production of D
and leave for later the possible survival and ejection gf deuterium formed by
capture in the envelope. 1In direct production,the life-time for survival of
deuterium in a white dwarf large flare of the) -burst type becomes Tp =
1/njoqvy = 1/10 second, for the derived parameters nj = 1017 c¢m—3, and kT = 150
keV, 04 = 10-25 cm2. This means that a deuteron can just escape 1f it is formed
by spallation and directly escapes out of the flare by the tangled flux model.
The total deuterium production in the case of a helium-rich envelope (Angel
and Landstreet, 1975) is Np = ¢; Op ny Volume where ¢; is the current, I, in
appropriate units - assumed in 170 MeV/nucleon 4“&;.0D =~ 10~25 is the spallation
production cross section of D, and S ny x ¢ (Volume) is the total plasma bom-
oarded by the flux ¢;. Then Np = 1035 deuterons per flare. If all these
deuterons were to escape, the energy invested per deuteron becomes =~ 25 ergs.
This 1 a prohibitively large value to create the deuterium of the ISM. In
order to estimate an upper limit to the contribution to the deuterium of the
ISM, we note that Herzo et al. (1976) have extended the y-burst integral r.m-
ber distribution S~1:5 down to a magnitude = 10-6 ergs em2 or = 1/500 of the
large event size implying that these events are isotropic out to the galaxy
thickness of 100 pc and so large event slze could occur within a radius of
100/(500)1/2 ~ 5 pc at a rate of 10 per year. This makes our typical large
flare too large by 62 and so is an absolute upper limit. Therefore, 1/50
event occurs (pc)~3 y=1 or = 1040 deuterons per (pc)3 per (1/10) age of the
Universe - the likely astration time of the ISM. If the fractional deuterium
density is = 2 x 103 at n_ = 1/10, the contribution to the deuterium of the
ISM by spallation production and ejection in Y-burst type flares is 4 x 10-10
and therefore negligible. It is not likely that there is a greater source of
direct flare production because the uniform density isotropic distribution of
" Y-bursts extends over such a liarge dynamic range that a large contribution by
very small flares seems unlikely.

M Dwarf Flares

For completeness we calculate the probably characteristics of a large
M-dwarf flare on the samc basis as the white dwarf flare. If Toon = 50 eV,
at the base of the convection zone corresponding to the helium ionization
potential, then from Eq. 6, By, = 50,000 jauss as susgested by Mullan (1974
and 1975) and Worden (1974). The size of these flares using our estimate of
heon 15 = 4 x 108 em, (R = 1/20 hegn = 2 x 107 em) smaller than estimated from
the optical variations, (Mullan, 1976) so that probably we have underestimated
the base of the convection zone. If we increase h.,, = 109 cm, and R = 108 cm,
and Bo = 104 gauss in agrecment with the B Y Draconis interpretation, then
W ~ 1032 ergs in agreement with the stellar flares observed in the optical and
x-rays (Heise et al, 1975). The temperature should be higher than solar flares
by the ratio

sz 2/7

R
temperature in rough agreement with Heiss et al. The electron density becomes

= x 4, or ® 8 x 107 degrees. A typical small flare might ba 1/2 of this
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and so n} ~%.5 x 1013, The deuterium production by direct spallation becomes
Np = ¢4 Op nj Volume * 1028 p/flare, or 104 erpgs per deuteron. Coleman and
Worden (1976) consider the production by the plasma shock wave of the flare
which they beliceve gives a very much larger vield of spallation deuterium.

At this point the solar flare model does not consider this effect, but we note
that the filamentation irnstability in the case of the 3He-rich flares gives a
yield of 1029 e for the expenditure of 1029 ergs or 1 erg/3He. This is still
103 times the energy limit required to explain the deuterium production by M

dwarfs (Coleman and Worden 1976). We therefore conclude that a primary origin
of deuterium from M dwarfs is unlikely.

e d L 12
Re ™ No \ 777 (T77%) where ng = 2 x 10°“ for the August 4 flare parameter
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