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THE HYDROGEN CONTENT OF PROMINENCES

BY
C. P. 5. MENON, B A. (Hons), MS¢ (Lond), F.R A.S

Absiract —The enormous value obtaned by Pannckoek and Doorn for the density of hydrogen in the prominences they

observed during the total solar eclipse of 1927 15 dus o than hypoth s of a condition resembling thermodynamic equilibrium
in the promimences

It 15 shown that such an assumption must automatically load to high values for the densily, independent of the intensi-
f108 observed and that 1t 13 ;mconsistent with conditions of line-absorption and radiation

Tt 18 algo songht to explain how tho intensity of a particular Balmer line, such as Hy, can provide us with no clue to the
number of hydrogen atoms m the ground lovel, 1f Lhe state 15 not one of thermodynamic eqmhbrium This number ean be
found only from a knowledgo of tho intensitics of the Liyman lines.

An altempt 18 made to estimate the density of hydiogen 1n promimences, using Pannekoek and Doorn’s data of intensities
of the Balmer lines to derive the number of aloms i the sucond quantum state, the probable number of aloms m the firt

quantum state absorbing the Liyman lines 15, m the absence of adequate data, guessed at A very rough upper Lumt to the
denaity of hydrogen 1s arrived at of the ordor of 1,000 atoms per ¢ ¢

The density of Ca+ atoms in the prominences of Pannckook and Doorn is recaleulated, After applymg cartan correc-
tions (indrcated by Pettit) fo the densitios of Car and hyydrogen, 1t 18 shown how thewr partial pressures are comparable with

Milne's estimates for the pressure of Cal m the chromogpheroe

The question of the hydrogen conlent of prominences 18 ot congiderable importance, especially the
question of the proportion of hydrogen to 1oniged caleinm Pannekoek and Doorn have found(” that in
their proxunence ' of the eclipse of 1927 the number of hydiogen atoms was 1'6X10™ per cec. and of
ioniged calcinm atoms only 0'13 per e.c.; m thewr promincnes ‘' the number of hydrogen atoms was
33 x 10" per c.c. and of caleium atoms only 1'6 per ¢c. In other words, they find the calerum content of
prominences to be insignificant, the ratio of the number of hydrogen to caletum atoms bemg of the order of
9x 10" Pettit hag improved™ upon their eslimates of the densities by assuming a more reasonable shape, and
hence a better value of the volume for ¢ither prommence, and by allowing for the comparative ““ weakness”
of the prominences observed ; but tlug leaves tho proportion of hydrogen to calecium unchanged.

In Milne's theory of selectivo radiation pregsure as the force supporting prominences, the radiation
pregsure can be effective only on Ca* aloms, that on other atoms being comparatively inmgmificant A
difficulty of this theory 18 to explain the presence of hydrogen and helium at all in prominences ; Pannekoek
and Doorn’s estimate of the enormous cxcess of hydrogen in prominences increages the difficulty consider-
ably and, indeed, 1f 1t were true, would be fatal to the theory of radiation pressure as the supporting force.
For, 1f the prominence 18 supported by pressure on the calcium content alone, how are we to explamn the
presence of 2 X 10" ag many atoms of hydrogen ? IKven 1f we could find an explanation of how the lhfting
foree acting on calcium atoms could be conmunicated to atoms of other elements (for mstance, by collisions,
“turbulence,” or other means), we arc unlikely to gucceed in explaining in this way an enormous excess of
hydrogen of the order of 2 X 10" times.

() Verhand 4 Komnklijke Akademie v.w t Amsterdam, etc, Deel 14, No. 2
(™ Ap. J.76, 1 P, 17 geq (1932),
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Now Pannekoek and Doorn’s result depends on the factor which they have used for ascertaining the
number of unexcited hydrogcn atoms from the evalnated number of atoms 1n the fifth quantum state ‘Thig

1
factor they have taken a8 ~7 2% 10-3 by assuming that 1t would be the same as for a gas in thermodynamic

equbibrium It 18 easily possible to show, without conmdering the observed intensities at all, that Pannekoek
and Doorn’s assumption ot thermodynamie equilibrium must necessarily lead to a high density, much higher
than that obtained when monochromatic radiative equilibrium holds , and fuither that, 1n conditions of line
absorption and efinszion their high denmity leads to results which cannot possibly be true There appears to
be little doubt that their high value for the hydrogen content of prominences 18 due to the unwarranted
(though tentative) assumption of thermodynamic equilibrium to deduce the number of normal atoms

It should also be mexntioned that Pannekoek and Doorn’s deduced density of the “‘atoms imn the fifth
gquantum state ”’ relates 1n fact only to those atoms which fall from state § to state 2 thereby emutting Hy,

the two aggregates are not 1dentical™, and 1t 18 not legitimate to 1nfer from the density of the excited Hy
particles the density of atoms 1n state I

Tn this paper an attemptis made to calculate the hydrogen content of prominences using Pannekosk and
Doorn’s observational data but abandoning the asgumption of thermodynamie equiblbmmm The results
indicate an entirely different order of magnitude for the hydrogen content, but until more ocomplets

obeervations are available, 1t 18 not clarmed that the results here derived do more than indicate tka -ordgr of
magriiude

2 The agsumed sumilarity of the condifion existing 1n a prominence to that of a gas in thermodynamies
egmlibrrtim 18 certainly opposed to Milne’s views®” of the solar atmosphere, according to which the #tats of

local thermodynamic equilibrium 1n lower layers changes to one of monochromatic radiative equilibripm in
the upper layers

If the matter were 1n ldcal thermeodynamic equilibriom, whatever the mature of the radiation ineidleht
on 1t, the radiation emitted will have a definite frequency-distribution, and the number of atoms emittng a
particular frequehoey ‘will bedr a definite relation to the total number of atoms of the substance participating
in the radiation , 8o that one may wmfer, as Pannékoek and Doorn did, the ntmber of atoms 1n state ¥ Frobh
the number of atoms 1n gtate § On the other hand, monochromatic radiative equilibrium mvolves & pagfis
vular frequency being wbsorbed and re emitted without change of wavelength by an atom during transitioms
between two #lationary statel , the relative htmbers of atoms 1. the two states beay a definite relation t eadh
¢ther, depending on ‘the mtensity of the mcident radiation Whereas 1n the former case, the ratios depefd
on the temperatute 4t the pomnt and not at all on the mneident radiation (which 18 aceordingly redistributed
before emmsgion), 1n the latter case the ratios depend on the intengities of the several frequencies which g,
m general, independent, so that there 18 no necegsary relation between the atoms 1n the various quamituin

istates of the subgtance 1 monochromahic radiative eqmilibrium, and one carnot mfer the number of atoms
4m sthite 1 from that of Gtoms 1n state 5 emitting the frequency

Purther, 1n monodhrdmatic radiative equilibritom, the get of atoms 1n & partictilar quantum stdte, ey gtelbs

5, emitting a frequency ¥ I8 not, 1 general, ¢o terminotus with the total number of atoms 1n that stdte ¥ 48

év8n posmble to regard the wtoms pasitig between states 5 and 2 abgorbing and emitting Xy as & ﬂtﬁﬂﬂﬁf&ﬂ

apgregite distinet from smintldr aggregates partaling 1n the radiations of other Prequencies Even ff a pmia

“¢tllar atomh th state 5 passed to another State such as state 7, the principle of detailed balancing requirey thib
“n gttt Shondd phiEdt once from gtate 7 to stats 5, and sgain drvther make the reverse of the ‘first trmaiti"ﬁl}i
“$hf, 5>8 It I8 not encugh if the atom passing from dtate 5 to Atate 218 replaced somehow, e g , by B #dm
passing from state 4, the latter being replaced by an atom from stdte 7, this would introducs & w&*&fﬁf

() This 18 explained in grester detail 1n the followang section
1) 'Vide several papers in the Monthly N ot th
ik ]gd ey Cﬁg : nthly Notices of the RAS A contise account appesys m Handbuch d Astrophy»
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transitions. and theie appeais to be good reagon to taboo cyche processes.™ Thus, for every atom passing
from state & to state 5 there 18 another passing from state & to state 2  Or, statistically regarded, these form

“

a get of atoms making the reversible trangition state 2 ;? state &, absoibing and emitting vy

If there are n, atoms 1 state 2, of which the number n, (v5) are capable of absorbing the frequency v,
and arriving at state 8, the number of atoms which actually make thig transition in time dt

= Bu 1a () (fl,,%).at

where Bz 15 the Einstein probability coefficient for the transition 2—>§ 1n the presence of isotropie radiation
of intensity Is. And the number passing [rom state 5 to state 218, by the principle of detailed balancing
equal to this.

Similarly, the number leaving state 5§ {or any other state, say state 7 will be

= B, 11 (vis). <J\Imi—;:> dt

The coefficients Bis, Ba:rorare constants for the atom. The intensities Iy, I; have no known
velations with one another, unlesy the matter be 1 local thermodynamic equilibrium. So that the
number of atoms leaving state 5 for sgtate 2 go as to emmt Hy 18 distimet from that of atoms leaving
for state 7, not to mention the total number of atoms in the fifth state Hence it 18 easily seen that
the number of atoms in the fifth slate found f{rom the intensity of Hy-radiation can afford no clue to the
total number of atoms in the lowest stale, if we regard the conditions 1n the prominence to be the same as
in the chromosphere. All that we can infer is the number of atoms in state 2—the “ normal state” for the
Balmer limes—vpartaking i Hy-radiation In the same way the intensities of other Balmer lines may give
the nambers of hydrogen atoms partaking in the radiation of the corresponding lines, n, (vg), ny (v, ete.
These sets of atoms are not in genoral coincident with the ns (v,) atoms abgorbing v, . supposing that they
do not partially overlap, the maximum number of atoms in state 2 18 given by the sum of these separate
numbers.  Similarly we may find the number of atoms in state I 1f we knew the intensities of the Lyman
lines.

3. The objection to the assumption of thermodynamic equilibrium may again be pregented from other
standpoints.

(@) Milne shows(® that in any steady state, the equation of transfer of radiation can be expressed as

d
j I, ﬁ +7By (T)

dr, 149

where 7" 18 a parameter corresponding to an aggumed pseudo-Maxwellian distribution of velocities,
7y ig the optical depth for colour », and
7ig the factor depending on the probability coefficients of transition by colligion, it iy independent of
T, and varies as the density ¢ .
{'7——)00 ag p—>o
7—3>0 ag p—>0
At high densities, 7—> o0, and the equation takeg the form
dl,__
=
which 18 the equation of transfer for thermodynamic equilibrium. Thus he infers that the more the atoms
are battered about by collisions, the more closely will emission correspond to the Kirchoff emission. No
wonder then that Pannekoek and Doorn by assuming thermodynamic equilibrium arrived at high densities ;
1n a sense the reasoning involves a vieious carcle.

- Iy + Bu(T),

() Cf, Eddmgton , Internal constatution of stays, p. 45 seq. () Op cit. p. 163 seq.
1-A
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Further, at low densities 9—>0, and the equation becomes
d
Cl:%_; = -1+ IIV '4—;%,

which 18 the form of the equation of transfer for monochromatic radiative equlibrium  We may point out
that the converse 18 eamly geen to hold go that, 1f monochromatic radiative equilibrium were agsumed
instead of thermodynamic equilibrium, we should get only low values fo1 the density

() That Pannekoek and Doorn’s high value of density of atoms in the first state 18 inconsistent
with conditions of line radiation can be shown 1n another way

If the number of atoms 1n state I be denoted by n; per ¢ ¢ the number of atoms that absorb the 4th
Lyman hne (say) m time dt

=n B,.( j' L %) &,

where Iv 18 the intenmty of the mcident radiation
d
The amount abrorbed per sec per cc =n Bl,(jIp I:—: )hvu

This 18 a fraction s» of the radiation 1nadent on nmt volume
dw

=By jIVz;rn

the Limits of integration bemg the same as before, for instance, 1 the cage of isotropic radiation, the
ntegration 18 carried over a complete sphere round an iternal point go that the integral reduces to Iy jn
erther case, while ab the boundary, the integration 18 confined to the lower hemisphere, and the integral
becomes ¥ Iv —
n; B" by = 8¢
éﬁ _ 2hy, 8 Q
Also B;. = —E;—‘ QS!

a4

@ By =1n; Ay '2%5
25 \*
=m A ¥ (5p)

Using Pannekoek and Doorn’s value for n, 1 6  10”, and Francis Slack’s value® for A, = 418 X
107, 1n the night hand mde we get

dg, ~3x107,
Qs
which 18 absurd, simnce the left-hand side 18 a proper fraction

(¢) Pannekoek and Doorn make use of the Schrodinger-Paunli formula for mtensmties in terms of thi
geries number and temperature—assuming thermodynamie equilibrium— 1n order to derive the temperaiirn
T from their observed values of the intensifies for the 5 Balmer lines The curve plotted-—log Iz/ﬁm
aganst 1/I* must be a straight line whose slope depends upon the temperature T But the attempt to #fa
straaght line to the plotted values cannot be claimed to be entirely successful—even allowing for the experd-
mental errors mentioned the discrepancy 18 most glaring 1n the relative positions of the Ha and HE,
Though the authors suggest the various experimental defects as the cause of the high value of temperatiys
obtained, the error may at least 1n equal (1f not greater) probability, be due to their tentative aasupu,gﬁ
thermodynamic equilibrytim IQM

4 'We may now proceed to estimate the denmties of hydrogen atomsin various states, on the assﬁ; %

that conditions 1n  prominences resemble the condition of the chromosphere, 16, a state of monochid
radiative equilibrium

oo
o \)““%,%

) Phys Rev 81, 527 (1928)—quoted by Caroll m M.N.R.A.8 90,590
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Oonsidering radiation of a particular colour, there will be some relation between the number of atoms
in the “ excited state” and that in the lower state. For matter 1n local thermodynamic equilibrium, this
relation will depend ou the temperature T at the point, and 15 given by Boltzmann’s equation .

_1’1_1 Qv e -Xr/kT

D g, e -X/kT

where m, g, Xr represent the number of atoms per cec., the “statistical weight,” and the mternal atomie
energy corresponding to state 7.

m . A- T
;1_; — g._;_- e (XS X2 )/k
= Q. h/kT
Qs
where v ig the frequency emitted when the atom passes from state s to gtate ».

Ag this formula depends on the temperature sheerly in virtue of the velocity-distributions, it may be
taken to hold wherever there 13 a similar velocity-distribution ® Such may be assumed to be the state in
monochromatic radiative equilibrium also. Though we cannot talk of a temperature T (since there is no
thermodynamie equilibrium) yet there is a parameter T corresponding to the pseudo-Maxwellan istribution,
which will behave just like the temperature T for all intents and purposes, masmuch as a thermometer
exposed to these velocities will recerve such a number of collisions of varying magnitudes as will cause
1t to regigter a temporature T

But this parameter T will 1 general vary with each colour, except in the cage of local thermodynamic
equilibrium ; it 18, 1n fact, mecasurable only from the observed intensities which, as stated above, have no
fixed relations with one another, in a gtale of monochromatic radiative equilibrium,

For want of defimite data, we agsume T = 5500° in the following calculations. Thig 18 not to mean
that a uniform temperature is conceded in the case of the several radiations considered ; on the contrary,
5500° 18 adopted as the parameler in the hope that 1t will be roughly of the same order of magnitude. Even
go, thig 18 radically different from the assumption of a uniform temperature for the complete continuum of
frequencies such ag exists in a state of thermodynamic equilibrium,

Thus, for the Balmer lineg, ignoring slatigtical weights,
n hc/AkT’

2 —

Dr
where T may be taken ag ~ 5500°,

Also, the emission by the atoms in the rth state per c.c.

2

Denoting by Ev the intensitics given by Pannckock and Doorn, and the volume of the prominence by V,
hi

B
the emiggion per c.c. = -ifl From thig and (2), we get

=m. A by, ergs per sec.

B A L1
Br = ¥ he An ®)

Using Pannekoek and Doorn’s value of the volume of prominence “a™ as 5'8x10% ¢c. and thewr
intengity-values for the different 1mages (see column & of the following table), and Francis Slack’s values(®
(column £) for the probability co-efficients Aw, nr can be calculated (column 6) And from this the values
of 1, can be known with the aid of equation (1) (column 7). The number of atoms (n;+m) taking part 1
the radiation of each line is given in the last column of the table. Assuming that there 18 no overlapping,

(%) In this argument, I follow Milne Op. cit. p. 160. () Loc at.
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the total number of atoms partaling m the radiation of the Balmer lmes 1s obtained by adding up these
wembers 2( 1, + 1)

Wavelongth Transitron  Intenmires Number of atoms  Number of atoms  Number of

r Lime probamlity er%mc 1n excited m second atoms
Arg v state, ny stote, ng na + nr
w @ @) @ ) ® (7) (8)

3 Ha 6663 442107 1800 x 10% 0248 13 028 1327
4 Hp 4861 848 b12 0 258 74813 5607

b Hy 4341 264 126 0189 76 130- 76 42
6 H» 4102 102 115 0 406 231 910 2%232

7 Ht 8890 046 188 0134 112680 11282

Total 489 90

The number of atoms 1n state 2 18 found to be increasing as we pass from Ha to HS, becanse Anm
decreages much moie rapidly than the observed intensities In this connexion we have to hear 1n mand the
uncertsanties 1n the measures of the intensties which, 1n the words of the authors, ™ are *‘ caunged by the great
denmty of the promunence images, the extrapolation from the density curves, and the large influence of the
Schwarzschild exponent”, thege factors obviously make the error greater, the denser the 1mage , so that the
values of n, are probably more and more reduced as we go from H3to Ha It 1ssatisfactory to note, however,
that the number beging to decrease ag we come to Hi, and perhaps one may conjecture that it will continne
to decrease as we go to other members of the geries The total number of atoms partaking i the radiation. of
the Balmer lines may therefore be taken as of the order of 500 Taking account of the facts that the different
gets of (n,) atoms found above may averlap to some extent, and that the statistical weights will tend to reduce
these numbers, we may safely put 600 as the maaimuwm number of atoms

The numher of atoms in state 7 can be found as argued above, only from a knowledge of the intenstios
of the Lyman lmes The ratio used by Pannekoek and Doorn (120 x 107 18 really the ratio ny(vy) ;
nvy) , ne(v,) can be found only if the intensity I (vy) were known The intensities of the Lyman Maes
m prominence spectra are mot known, but if the intensity I (v,,) were~107° tunes that of Hy, we get
game order of magnitude for the denmty of atoms 1y state 7 absorbing and emitting the first Lyman hne‘ti%:;‘
that of the Hy particles

We arrive at the same result from caleulations similar to that made 1n a previous section (3 ¢ )

Smce the fraction _gjl 8,< -2!'5, we get 0, < 2 2x10*

Thus we may estimate the number of hydrogen atoms per ¢ ¢ 1n the prominence to be at most of the
order of 1,000 This produces a pressure of about 7 5 % 10~ atmospheres, taking a temperature of 5500° Op
1f, with Pettit (), we regard Pannekoek and Doorn’s estimate of the volume of the prominence as 20 tumes tos
large, the pressure becomes 15X 107" atoms again, following Pettit 1n considering that, smoee the promi~
nence “a” 18 comparatively “ weak,” the intensities of lmes will be about six times as greatin a ** repregsne
tative prommence ” guch as the prominence “e¢” of Pannekoek and Doorn, the partial pressure of hydregsn
becomes 9 X 10~* or shightly less than 10~'® atmospheres

5 The above estimate of the pressure of hydrogen 18 comparable with Milne's estimate of the pressure
of Ca* at the top of the chromosphere @, viz, ~ 10~ atmogpheres Pannekoek and Doorn obtan as low &
pressure for Oa* a8 9 6% 10™® atmospheres ; but it appears to me that this low estimate 18 due to an error
gimilar to that in the case of hydrogen

From Zwann'y evaluation of the probability co-efficient Ae—>q for the transmtions 28—2P, snd 288l
{H and K lines) combmed as 155%10% they infer that each atom of Oa* emits 155 x 10° % hu=T G@ % 1
grgfsec  But certainly, thas 18 the amount emitted by each atom of Ca* 1n state 2, and not the aversgs amauh

2 g GW

() Pannekoek and Doorn  Op ojt p 22 (*)Looc citr
(*) Of Monthly Notices of the R AB 88,193 (1928)
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emitted by each atom of Ca*. By regarding 7°69 x 10™* erg/sec. as emitted by each Ca* atom, they obtain
from their value of the total emigsion of H and K radiation by prominence *“ a” as 6'03 X 10%, the total number
of Ca* atomsas 78%108 or 13 percc Bub it 18 obvious that this 18 only the number of atoms 1n the excited
state (ny).

The number of atoms in the lower state (n,) is given ag before by the equation

n h°/7\k'1‘ °
— == 8 , (A=3950A.T.)
n, s
=17 30X10? (omitting statistical weights)
Son="13%x730=949
n; +1n,=95 03.
The pressure due to n,= 730 times the pregsure due to ne.
.. The pressure of Ca™ atomg=73Lx9 ( x 10~
~ 702 % 10~ atmospheres

Correcting, as 1 the case of hydrogen, for the excess of the assumed volume and the weakness of the

lines, the partial pregsure of Ca* atoms mn a “representative prominence
=0 % 20 % 702 x 10~
~ 84 x 10~ atmogpheres

Thus the partial pressure of Ca* atoms is % of that of hydrogen. The hydrogen content, as measured

by its mass, will be only ¥ of that of Ca*.

6 Conclusion.—We may therelore conclude that, if we do not agsume a state of thermodynamie equili-
brium in the promuncnces, the density of the hydrogen 1¢ no longer of immense proportions , on the other
hand, 1t ig comparable with tho dengity of Ca' 1n the prominences and, what 18 more, both these values agree
closely with Milne’s estimates of tho densiby of Cat at the top of the chromosphere  We can be more certain
of the estimates of hydrogen-content ol promuinences, only if we know the intensties of other series of
hydrogen liney, especially the first Lew Lyman lines. If theso intensities should happen to be large, the
density of hydrogen atoms in the firsl stale will e prepouderatingly large, and the condition 1n the promi-
nence will approximate o one of thermodynamie cquilibrium ; 1£, on the contrary, these intensities should he
very low—as we imagine them to be—lhen the dengities will be low as stated above and the condition
approximate to one of monochromatic radiative equilibrium. What exactly 18 the condifion existing in the
prominence cannot at present be known for certain. Nevertheless one may hazard the conjecture, 1n the light
of Milne’s theory and the exporienco of hydrogen images being legs dengo than ionised caleium images, that
the conditions in prominenceg corrvspond more to thoge in the upper layers of the sun’s atmogphere than in
the lower layers, ithat 18, 10 mmonochromatic radiative equilibrium rather than thermodynamic equilibrium, to
lower densities of the gaseg rather than high, and to lower densities of hydrogen than of calerum.

I wish to express my gense of gratilude to Dr. T. Royds {or kindly suggesting the above problem to me
for imnvestigation and for the valuable eriticism and agsistance he afforded me 1n preparing this paper
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