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Before a solar model becomes viable in astrophysics, oné coasider how the ele-
mental constitution of the Sun was ascertained, especilhyive to its principle com-
ponents: hydrogen and helium. Liquid metallic hydrogeniteen proposed as a solar
structural material for models based on condensed matigr Robitaille P.-M. Lig-
uid Metallic Hydrogen: A Building Block for the Liquid SunProgr. Phys, 2011,
v. 3, 60-74). There can be little doubt that hydrogen playsraidant role in the uni-
verse and in the stars; the massive abundance of hydrogée Bun was established
long ago. Today, it can be demonstrated that the near is@iateature of the Sun’s
Balmer lines provides strong confirmatory evidence for diri solar surface. The
situation relative to helium remains less conclusive.l 3tédlium occupies a prominent
role in astronomy, both as an element associated with cagima@nd as a byproduct
of nuclear energy generation, though its abundances witieirsun cannot be reliably
estimated using theoretical approaches. With respecetddtermination of helium lev-
els, the element remains spectroscopically silent at thet tf the photosphere. While
helium can be monitored with ease in the chromosphere angrtdrinences of the
corona using spectroscopic methods, these measures hlgvagable and responsive
to elevated solar activity and nuclear fragmentation. ®isssays of the solar winds
are currently viewed as incapable of providing definitiveBoimation regarding solar
helium abundances. As a result, insight relative to heliemains strictly based on the-
oretical estimates which couple helioseismological apphes to metrics derived from
solar models. Despite their “state of the art” nature, meliestimates based on solar
models and helioseismology are suspect on several frontsiding their reliance on
solar opacities. The best knowledge can only come from tlae winds which, though
highly variable, provide a wealth of data. Evaluations afqmrdial helium levels based
on 1) the spectroscopic study of H-II regions and 2) micravamisotropy data, re-
main highly questionable. Current helium levels, both witie stars (Robitaille J. C.
and Robitaille P.-M. Liquid Metallic Hydrogen Ill. Intertaion and Lattice Exclusion
versus Gravitational Settling, and Their ConsequenceatiRelto Internal Structure,
Surface Activity, and Solar Winds in the SuRrogr. Phys, 2013, v. 2, in press) and
the universe at large, appear to be overstated. A carefsidemtion of available ob-
servational data suggests that helium abundances arelecaisly lower than currently
believed.

At the age of five Cecilia [Payne] saw a meteor, anith these regions [7], helium has remained relatively spectr

thereupon decided to become an Astronomer. Sgeopically silent on the Sun. Conversely, the stars and the

remarked that she must begin quickly, in case thegn display signs of extreme hydrogen abundance, as first ob-

should be no research left when she grew up.  served by Cecilia Payne [8], Albrecht Unsold [9], and Henry

Betty Grierson Leaf, 1923 [1, p. 72-73]Norris Russell [10]. Few would take issue with the conclu-

) sion that the visible universe is primarily comprised of rod
1 Introduction gen. Helium abundances present a more arduous question.
Knowledge that helium [2, 3] was first observed in the Sun by Despite all the dficulties, several lines of reasoning sus-
Pierre Jules César Janssen [4] and Joseph Norman Lockgier the tremendous attention that solar helium levels have
[5], before being discovered on Earth by William Ramsay [Gleceived in astronomy. First, helium is the end product of
might prompt the belief that the element was abundant on the nuclear reactions currently believed to fuel many of the
solar surface. In fact, helium has never been identifieden ttars, either in the pp process or the CNO cycle [11-15]. Sec-
absorption spectra of the quiet Sun. Janssen and Lockyerigl, solar helium levels are inherently linked to the gaseou
fortunate discovery was restricted to helium lines appegrimodels of the Sun [16—18] and the application of theoretical
within the prominences of the corona and within the distdrb&ndings to the interpretation of helioseismic results [23}-
chromosphere [4,5]. While the element was easily deteetabinally, helium is thought to be a key primordial element in
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Big Bang cosmology [3,24—-30]. As a result, the evaluatida the hypothesis that the outer chromosphere is at a sub-
of helium levels in the Sun brings a unified vision of astr@tantially higher temperature than the photosphere, ared th
physics, wherein accepted solar values lend credence tolower chromosphere; and that the temperature of the sun in-
current concept of the formation of the universe. Still, sfuecreases as we pass radially outwards. This hypothesis is,
tions remain relative to the accuracy of modern helium detbowever, quite untenable and is in flagrant contradiction to
minations. all accepted theories of physicg6, p.473]. Saha had not

A flurry of initial studies had suggested that helium abususpected that 20th century solar theorists would maintain
dances in the stars approached 27% by mass (see [3] feueh a position. Lockyer’'s analysis was correct: ionizatio
review). The findings provided support for those who proncreased with elevation in the chromosphere. This was an
posed primordial formation of helium prior to the existenfe important lesson relative to thermal equilibrium. In angea
the objects which populate the main sequence [3, 24]. Ho%aha did observe that hydrogen was not fully ionized in the
ever, these ideas were challenged when it was discovered ¢haomosphere, since the lines from &hd H; were evident at
certain B-type stars, which should have been rich in heliuhis level. He also recognized that hydrogen should be essen
lines, were almost devoid of such features [3]. As a resulglly ionized in O class stars and that the lines coinciaetit
in certain stars, helium was said to be gravitationallylisgtt the Balmer series in these stars had originated from ionized
towards the interior [3,31]. The desire to link helium leviel helium. At the same time, he outlined that the same spec-
the Sun with those anticipated from the primordial synthesial lines for classes later than B2A were completely due to
continues to dominate modern solar theory [18]. NonetHgydrogen [37, p. 151].
less, it can be demonstrated that the methods used to estimatSubrahmanyan Chandrasekhar’s (Nobel Prize, 1983 [42])
primordial helium levels in the universe [24] are eitherilig thesis advisor, Sir Ralph H. Fowler [43], had provided digni
suspect or implausible. Given these complexities, it isappcant insight and criticisms into Saha’s second manus@ipt [
priate to compose a critical review of how helium abundandesl53] and the resulting text was masterful. In 1927, Megh
have been historically obtained and how they are curremtly dNad Saha was elected a Fellow of the Royal Society [34].
termined, both in the Sun and in the universe at large. In the meantime, Fowler [43] and Edward Arthur Milne

[44] would collaborate and construct a wonderful extension
2 Assessing elemental abundances in stellar spectra  [45,46] of Saha’s seminal papers [36,37]. They improved the
2.1 The Saha Equations trga_tment of ionizat_ion tq consider not only principle Bne
arising from atoms in their lowest energy states, but also th

Reasoning, like Lindemann [32] and Eggert [33] before himubordinate lines produced by excited atoms and ions [45,46
that the fragmentation of an atom into an ion and an electi@or his part, Saha had concentrated on the excitation and ion
was analogous to the dissociation of a molecule, Megh Nadtion of the neutral atom [36, 37]. Fowler and Milne un-
Saha [34, 35] formulated the ionization equations [36, 7] derstood that the marginal appearance of a spectral lind cou
the early 1920s. In so doing, he called upon the Nernst eqba-used in determining relative concentrations and pravide
tion [38] and suggested that the free electron could be \dewsnme indication of the minimum number of atoms necessary
as an ideal gas. He also relied on thermal equilibrium afut appearance [45, 46]. They emphasized the idea thizd:
the ionization potentials of the elements. Since Saha's-eqimtensity of a given absorption line in a stellar spectrum is
tion was inherently related to parameters associated With proportional to the concentration of atoms in the stellar at
ideal gas (i.e. [39, p. 29-36] and [40, p. 107-117]) he demanesphere capable of absorbing the lirié5, p. 404]. Their
strated that the level of ionization could be increasedeeitifirst paper also highlighted the value of the maximum of a
with elevated temperature or decreased pressure. Sahaspgetral line in assessing the temperature and pressure of t
pothesized that the pressure of the reversing layer appedaaeversing layer and outlined that this problem was Ifi@cied
0.1-1 atm [36, p. 481] and was the first to utilize this assunmipy the relative abundance of the element studied [45]. Using
tion to account for the appearance of spectral lines acressllar data from the lines of Ca, Mg, Sr, and Ba they deter-
stellar classes as simple functions of temperature [36, 3Wjned that the electron pressure of the reversing layer was
He was concerned with the marginal appearance of speatrathe order of 16* atm [45]. Fowler and Milne understood
lines [36, 37], that point at which these features first appgtathat electron pressur®e, of the reversing layer was not de-
on a photographic plate. Cecilia Payne [1, 41] would sotgrmined by a single ionization process, but by the ionirati
estimate the abundance of the elements in the universe usihmany elements: It thus regarding R as fundamental we
the same criterion [8]. are in gfect assuming that, due to the presence of more eas-

In his initial work, Saha would comment on the imposly ionised atoms, there are so many electrons present that
sibility of solar temperatures increasing as one moves frdhe partial electron pressure is practically independefite
the photosphere to the upper chromosphekeckyer’s the- degree of ionization of the element under discuss|ds,
ory... [that elements become more ionized as higher elepa409]. They expressed concern that their results led to the
tions are reached within the chromosphere] ... would lead assumption that absorbing species had very large absorptio
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codficients [45]. Milne had already determined that the atite metal$[1, p. 19]. That early manuscript was never pub-
sorption coéficients should be very large [47] and would latdished and has since been lost [1, p. 20]. Tempered by Rus-
devote another theoretical paper to their determinati@®j [4sell and Shapley, Cecilia Payne finally produced her famous
In their work together, Fowler and Milne explicitly assumeBhD dissertationStellar Atmospheres: A Contribution to the
that the reversing layer could be treated as existing un@@rservational Study of High Temperature in the Reversing
conditions of thermal equilibrium, as Saha’s treatment reayers of Star$8]. She would comment on hydrogen in this
quired [36]. The validity of such assumptions is not simple thanner: ‘Although hydrogen and helium are manifestly very
ascertain. abundant in stellar atmospheres, the actual values derived
At Cambridge, Milne met Cecilia Payne [1, p. 121], a stdrom the estimates of marginal appearance are regarded as
dent at Newnham College [1, p. 112] and learned of her ispuriou$ [8, p. 186]. A little later she would add:The out-
pending access to the vast collection of photographic plagtanding discrepancies between the astrophysical andgerr
used to generate the Henry Draper Catalogue at the Hartaiad abundances are displayed for hydrogen and helium. The
Observatory [1, p. 144-153]. Prior to the advent of the moelhormous abundance derived for these elements in the stel-
ern MKK classification [49], the Henry Draper Catalogue wdar atmospheres is almost certainly not rég8, p. 188] and
the largest stellar library collection, with over 200,008ssi- “The lines of both atoms appear to be far more persistent,
fied stars [1, p. 144-153]. Milne suggested thhhe had... at high and low temperatures, than those of any other ele-
[Payne’s] ... opportunity, he would go after the observatio ment [8, p. 189].
that would test and verify the Saha thetfd, p. 155]. Cecila For her part, Payne privately maintained that hydrogen

Payne soon left Cambridge and sailed to America. was tremendously abundant in the staMihen | returned to
- ) ) visit Cambridge after | finished this first essay in astropts;s
2.2 Cecilia Payne: What is the universe made of? | went to see Eddington. In a burst of youthful enthusiasm, |

‘I remember when, as a student at Cambridge, | deald him that | believed that there was far more hydrogen in
cided | wanted to be an astronomer and asked tfige stars than any other atom. ‘You don’t mean in the stars,
advice of Colonel Stratton, he replied, “You can'y,o mean on the stars’, was his comment. In this case, indeed,

expect to be anything butan amateur”. | should hay§ a5 in the right, and in later years he was to recognize it
been discouraged, but | wasn't, so | asked Eddin 507 [1, p. 165]

ton the same question. He (as was his way) thought \ S . .
it over a very long time and finally said: “I can see Payne’s work also highlighted the importance of helium

no insuperable obstacle” [50, xv]. in the O and B class stars [8]. For the first tim_e, hydrogen
and helium became the focus of scrutiny for their role as po-
Nineteenth century scientists had little on which to basé thtential building blocks of the stars and the cosmos [8]. She
understanding of the composition of the universe. Theesluemphasized thatthere is no reason to assume a sensible de-
could only come from the Earth itself and from the meteoritearture from uniform composition for members of the normal
which occasionally tumbled onto its surface. Consequegihtlysequencg[8, p. 179] and The uniformity of composition of
was not unreasonable to expect that the universe’s compstilar atmospheres is an established Tg&, p. 189]. She
tion matched the terrestrial setting. However, stellactpge also held, as Eddington and Zeipel had advanced, that given
already stored on photographic plates throughout Euroge #éimeir gaseous natureah gfect of rotation of a star will be
especially in the vast Henry Draper Collection, were hidirtg keep the constituents well mixed, so that the outer pustio
a drastically altered viewpoint. With the arrival of yet anef the sun or of a star are probably fairly representative of
other woman at the Harvard Observatory [51-60], the sténe interior” [8, p. 185]. Still, Payne was cautious relative to
could not much longer conceal their story. Surrounded bytending her results as reflecting the internal compaosifo
Pickering’s Harem [51-60], Cecilia Payne [1,41] completede stars: The observations on abundances refer merely to
her classic report on the abundance of the elements [8] &imel stellar atmosphere, and it is not possible to arrive iis th
became the first to underscore the importance of hydrogemay at conclusions as to internal composition. But marked
the constitutive atom of universe. Her thesis had been cadlgferences of internal composition from star to star might be
fully prepared and presented supportive laboratory evidenexpected to gect the atmosphere to a noticeable extent, and
not only of ionization potentials, but of the validity of Ss&i& it is therefore somewhat unlikely that suclfeliences do oc-
treatment [8, p. 105-115]. cur'[8, p. 189].

Stellar spectra signaled hydrogen [61] was so abundantPayne would conclude her thesis with a wonderful expo-
that several scientists, including Henry Norris Russelyld sition of the Henry Draper Classification system [8, p. 190—
not fully accept the conclusion. Payne had written an eafl98]. Otto Struve would come to regard the studytas ‘most
manuscript detailing the tremendous presence of hydrdgerrilliant Ph.D. thesis ever written in astronorhjg1]. Edwin
p.19]. Her thesis advisor, Harlow Shapley, forwarded tihtubble would comment relative to PayneSHe’s the best
work to Russell who commentedit‘is clearly impossible man at Harvard [1, p. 184]. As Milne suggested, the first
that hydrogen should be a million times more abundant thdissertation of the Harvard College Observatory was fodnde
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upon the application of the ionization equations [36,3748b great majority of the atoms of any given kind, whether iotize

to the detailed analysis of spectral lines across steléasels. or neutral, will be in the state of lowest enefd$0, p. 21]. At

It did not specifically address elemental abundances in the same time, Russell realized that this rule was not obderv

Sun. Nonetheless, Payne’s 1925 dissertation heraldeghtheby hydrogen, leading him to the conclusion that the element

plication of quantitative spectral analysis in astronoBly [ was extremely abundant in the SurOrie non-metal, how-

ever, presents a real and glaring exception to the genetal ru

2.3 Albrecht Unsdld, hydrogen abundance, and evi- The hydrogen lines of the Balmer series, and, as Babcock

dence for a solar surface has recently shown, of the Paschen series as well, are very

Albrecht Unsold extended Payne’s studies with a focus Btrqong in the Sun, though the energy required to put an atom

the solar spectra [9]. Following in her footsteps [8], in 892mt0 condition to apsorb these series is, respectlvelylaq.
[9], he applied the ionization formula [36, 37] to the chr and 12.04 volts - higher than for any other solar absorption

. . . q| es. The obvious explanation — that hydrogen is far more
mosphere and estimated the levels of sodium, aluminum, cal-
) . ) o . abundant than the other elements — appears to be the only
cium, strontium, and barium. In addition, Unsold deteraain

that the electron gas pressure in the chromosphere stoognaét [10, P- 22.]' In_ fact, even the hydrogen Brackett lines
~ 106 atm [9]. He also concluded that hydrogen must can be visualized in the infrared spectrum of the Sun [68].

about one million times more abundant than any other e ussell also highlighted Unsold’s observation [9] that bly-

ment in the Sun [9, 62]. William McCrea was soon to eci} jogens, y, ands lines did not decrease as expected. That

Unsold, finding that hydrogenwas a million times more aburﬁe hydrogen lines were extremely broad in the Sun hfid al-
dant than Cawithin the chromosphere [62, 63]. ready been well established. Russell echoed some of his con-

. temporaries and suggested that this might result from & Star
Importantly, Unsold also documented that the absorbar(léﬁetzact [10, p. 50].

of the hydrogery, y, and§ lines did not decrease across Finally, Russell accepted Payne’s findings relative to hy-

the Balmer series (=1; H; =0.73; H,=0.91; H;=1.0) S drogen and reported her numbers for the elements without
expected from quantum mechanical considerations=(&, comment in his table XVI [10, p.65]. He stated thafthe

Hﬁ = 0.19; HV =0.07; H;=0.03) [9]. This was an |mportantmost important previous determination of the abundance of
finding relative to the nature of the Sun. Recently, the be- . . :
the elements by astrophysical means is that by Miss Payhe. ..

havior of hydrogen emission lines has been analyzed w; . .
non-LTE methods [64]. It has been concluded that the 3 f : P- 64]" Russell fognq the correlation between theirkgor

: . . . to display ‘a very gratifying agreemehf10, p. 65]
and higher levels are in detailed balance deep in the photo- Like Payne, Russell had relied on the work of Fowler and
sphere, but they develop a non-LTE underpopulation furtqﬁr ’

o : iine [45, 46] to set the composition of the Sun. He imple-
out. However, the levels with higher n-values stay in dethil ented their suggestion that electron presstRescould be
balance relative to each other at these atmospheric deptﬁ‘s 99 P

- . . athered by considering the spectra and the ionizatiompote
and they also collisionally couple tightly to the conﬂnd’unﬁal for elemyents like CagSc TipSr and Yt. From these hF:e de-

[64]. Yet, in the gaseous models of the Sun, the continuumd|

l‘f'ced aPe of 3.1x10°% atm, in close agreement with Milne
not composed of condensed matter [65]. It represents an a&agx 10°5 atm), and Payne and Hogg.2x10-° atm) in
of profoundly increased solar opacity [65]. Nevertheléss, *~ y y 99.

behavior of the Balmer series in the solar atmosphere diro gass GO stars [10, p. 54-55]. Along with John Quincy Stew-

ng. . X X

. ) . t, Russell had previously considered various means ef-det

;S:rppgﬁ th: |dheaSit?aa|t g:ﬁitsugf'sggggﬁtngggsoiz cogl?fhnZZd mma}n'ing the pressures at the Sun'’s surface and had determined
' y apny y Y, hat the pressure of the reversion layer could not be more tha

surface, can perm|t t'.ght collisional coupling to Fhe cantl 104 atm [69]. But Russell reported a factor of at least 10 in
uum, as it is impossible to couple to the opacity changes ; . .

: . . . cordance in calculating electron pressures based loer eit
which characterize the continuum in gaseous models [6

These findings comprise the sixteenth and seventeenth ”}qe'sionization formula or the numbers of metallic atoms and
) 9 P . ; 101S [10, p. 70-71]. He would resolve thefittulty at the end
of evidence that the Sun is comprised of condensed matter, . . . . "
X : . Of his treatise when setting the final elemental composition
The others are outlined by the author in recent pubhcatlofns
(e.g. [66]) or the Sun [10, p. 72].

9 ' At the same time, while Payne had understood the impor-
tance of local thermal equilibrium (LTE) for the proper appl
cation of Saha’s equation [8, p. 92-101], she did not attempt
to make an explicit correction for the lack of equilibrium.
Soon Henry Norris Russell [67] surpassed Unsold in his-an@lonversely, Russell placed a correction factor in his work f
ysis of solar spectral lines and provided a detailed compadeparture from LTE: YWe have finally to take into consider-
tional analysis of the Sun. Relative to the occupied energtjon the fact that the atmosphere may not be in thermody-
levels within atoms on the Sun, Russdiiamed that: ft must namic equilibrium. The comparison of solar and stellar spec

further be born in mind that even at solar temperatures th& affords evidence that this is the cd$&0, p. 52]. Relative

2.4 Henry Norris Russell: Inability to estimate Helium
from spectral lines
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to his final abundances he commente@hé main source of in the interior of a star breaks down as we approach the sur-
uncertainty which fects them is the magnitude of the corface [77, p. 81-83]. In 1928, Milne would express concern
rection for departure from thermodynamic equilibriifdO, relative to the appropriateness of the inferred thermal-equ
p.58] and fif the correction for departure from thermodydibrium in the reversing layer, as required by the Saha equa-
namic equilibrium should be wholly disregarded, the calctions [36, 37], although he believed that studies based en th
lated abundance of hydrogen — already very great — wouwdlidity of the ionization equations should be pursuethé
be increased thirty fold[10, p. 62]. In the 1920s, of courserecent work of Adams and Russell brings forward evidence
there was hesitancy concerning the tremendous levels of that the reversing layers of stars are not in thermodynamic
drogen observed in the solar atmosphere. equilibrium. This suggests a degree of caution in applyiireg t
For Russell, oxygen appeared as abundant as all otlwadamental method and formulae of Saha to stellar spectra.
metals combined. He also argued against, although did Newvertheless, departure from thermodynamic equilibriam ¢
fully dismiss, gravitational settling in the Sun for the Wiest only be found by pushing to as great a refinement as possible
metals: ‘It does not appear necessary, therefore, to assuithe theory which assumes thermodynamic equilibti[48].
that downward dfusion depletes the sun’s atmosphere of tigerasimovic had already advanced corrections for small de-
heavier elements, though the possibility of such an inflaengations from thermal equilibrium [79] and Russell applied
remains [10, p. 59]. Importantly, he noted: The statement corrections directly in his work [10]. By 1925, the Saha equa
that enhanced lines are found in the sun for those elemetiegis had been generally confirmed under experimental con-
which have lines of low excitation potential in the accessilditions (e.g. [8, p. 111-112] and [80]), but only in the bread
region has therefore few exceptié$0, p. 35]. At the same est sense. Over time, the ionization equations continubd to
time, he advanced that for those elementkith fail to show widely studied and the problems considered were extended
enhancement lines in the sun, the excitation potentialghfer to include two-temperature plasmas (e.g. [81]), high pres-
accessible lines are high in every case for which they hasigres (e.g. [82]), varying opacities (e.g. [83]), and ndi:L
been determin€d[10, p. 35]. Furthermore Russell hypoth{e.g. [84-88]). The Saha equations eventually became a use-
esized that: It appears, therefore, that the principle factoful staple in the treatment of plasma physics [89, p. 164] and
which is unfavourable to the appearance of a spectral line $tellar atmospheres [90-92].
the sun is a high excitation potentidlL0, p. 35]. This was As Auer highlighted relative to solar models [88], under
precisely the case relative to helium. non-LTE, a set of rate equations enters into the problem of
With respect to the second element, Russell wrot@ete determining the abundance of any given electronic state. Fu
is but one element known to exist in the sun for which no ediermore, the radiation field is introduced directly int@ th
mate of abundance has now been made - and this is He. Efgations [88] utilized to calculate both opacities and-pop
intensity of its lines in the chromosphere shows that it roastulations. The problem therefore becomes dependensin “
present in considerable amount, but no quantitative edimanultaneous knowledge of the radiation field at all frequeaci
seems possiblg10, p.62]. Here was an explicit admissior?nd all depth’[88, p.576].
that solar helium abundances could not be ascertained using/Vhile ionization appeared tractable given modern com-
spectral data. puting, the solution became linked to the knowledge of stel-
Helium was abundantly visible in early type stars, as Ci&l opacities, an area of theory whose weaknesses have al-
cilia Payne had already discovered [8] and Paul Rudnick [#6RdY been outlined [78]. Nonetheless, non-LTE approaches
and Anne Underhill continued to confirm [71-73]. Estimatd§ve been successful in addressing the spectra of early type
of the number of hydrogen to helium atoms in O and B ty$ars [93-95]. Today, such methods also account for elec-
stars varied from values as low as 3.2 to more than 27 [f®nic, atomic, and ionic collision processes [64]. NorELT
p.156]. A factor of nearly 10 in relative abundances froPProaches have provided considerable insight into the Bal
spectral lines in such stars was hardly reassuring. NonetRér and Paschen series associated with the hydrogen spec-
less, Underhill still surmised that the number of heliurmago trum of the Sun [64].

was at the 4-5% level [73]. Yet for the Sun, data about helium Finally, it appears that the treatment adopted by Cecilia
abundance remained wanting. Payne might not have been too far afield [8]. For many of

the cooler stars, simple LTE seemdistient to address ion-
ization problems [94]. Non-LTE methods become most im-
portant for the O and A class stars [93-95]. In any case,
Milne was perhaps the greatest authority relative to Ideatt helium cannot be assessed on the Sun using the ionization
mal equilibrium (LTE) in astronomy [74-77] and many oéquations due to the lack of appropriate spectral lines. As a
the most salient aspects of his arguments have been revieresdlt, while the LTE and non-LTE settings may be funda-
[78]. Milne advocated that LTE existed in the center of mental to the proper treatment of spectral lines, the method
star and that his treatment permitteds“to see in a gen-have little bearing on the proper evaluation of helium lsvel
eral way why the state of local thermodynamic equilibrium the Sun.

2.5 Local Thermal Equilibrium
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3 Helium from solar theory The helium proportion is rather uncertain and the error in-
troduced by neglecting helium altogether snja00, p. 142].
Modern stellar theory would come to rely greatly on the opac-
Since Russell was not able to extract helium abundancesifi-contributions of the negative hydrogen ion (H[102].
rectly from spectral lines, he did so, without further st - stromgren’s assumptions were premature. Still, he champi
justification, by assuming that the Sun had an mean molegyed the idea of initially computing opacity, and from these
lar weight of~ 2 [10, p. 72—73]. Such a value had also begfjues obtaining both solar parameters and elemental abun-
suggested by Saha [36, p.476], who had in turn adoptegdhces [100, 101].
from Eddington [96, p. 596]. As for Eddington, he had pre- Eqjlowing the publication of a key modeling paper by
viously examined the radiation equilibrium of the starsgsi Cowling [103], Martin Schwarzschild was to take the next
a mean molecular We|ght of 54 [97] In 1916, this value hqﬁeoretical Step [104] First, he made use of the mass-
been Selected based on the be“ef that the stars were p”mﬁr“nosny relation Wh||e expressing mean mo'ecu|ar WE|gh
pally composed of elements such as oxygen, silicon, and itg{y opacity as a function of elemental compositi¥n=(hy-
prior to full ionization [1, viii]. Eddington lowered the ra@ drogen,Y = helium) [104]. Then, reasoning that the energy
molecular weight to a value of 2 in 1917 [96, p. 596], baseglitput in the Sun from the CNO cycle [13] was directly re-
on the idea that the elements would be fully ionized in thged to elemental composition, he derived a fractional el-
stars. In the fully ionized state, hydrogen has a mean molggental composition for hydrogen, helium, and the metals
ular weight of 0.5, helium of 1.3, and iron of~ 2 (see [40, equal to 0.47, 0.41, and 0.12, respectively [104]. The tssul
p. 102-104] for a full discussion of mean molecular weigh§gere once again critically dependent on estimated opacitie
in astrophysics). It was this value which Russell was to ad@phich Schwartzchild, like Stromgren before him [100, 101]
in his calculations. assumed to display Eddington’s [983.5 power dependence
Using a mean molecular weight corresponding to a meg temperature (see Eq. 9 in [104]). In fact, Schwarzschild
rich Star, Russell concluded that helium was 13% as ab%fized an even greater dependence on temperature for en-
dant as hydrogen by weight [10, p. 73]. He then computgghy production, allowing a 17th power in the exponential
that the Sun had equal percentages of oxygen and other mte Eq. 11 in [104]). Yugo linuma then advanced a broader
als (~ 24% each) and that hydrogen comprised just under halfproach to the stellar composition problem [105]. He was
of the constitution £ 45%) by weight (see table XX in [10,concerned with ranges of reasonable starting points, looth f
p. 73]. If Russell had selected a mean atomic weight@5, hydrogen concentration and average molecular weight. His
there would be dramatic Changes in the calculated heliw’@atment remained dependent on Opacity Computationsl
levels. though less rigid in its conclusions [105]. Schwarzschild e
al. [106] then introduced thefects of inhomogeneity in the
solar interior and convective envelopes along with solar ag
In arbitrarily selecting mean molecular weights [96, 9743; E into the abundance problem. They reached the conclusion
dington determined the mean central stellar temperatumes that the temperatures at the core of the Sun were such that
pressures along with the acceleration due to gravity atithe gshe carbon cycle should start to contribute to the problem.
face (e.g. [97, p.22]). In turn, these parameters altered thydrogen abundances were assumed in order to arrive both
calculated absorption céicient, and hence opacity, of stelat a convection parameter and at helium values [106]. The
lar interiors [97, p.22]. Consequently, the setting of meanitical link to opacity remained [106]. Weymann, who like
atomic weight had a profound implication on nearly eve§chwarzschild, was also at the Institute for Advanced Study
aspect of stellar modeling, but opacity would always reméabnailt on his findings [107]. Taking account of the carbon cy-
paramount. In 1922, Eddington had derived a relationslule, Weymann found that the core of the Sun was not con-
between opacity and temperature [98] which would becomective [107]. Powers of 4 and 20 for temperature were as-
known as Kramer's law [99]. sumed in the energy generation laws associated with the pp
Soon, Stromgren introduced an interesting twist to Ednd CNO cycles [107]. The hydrogen fractional composition
dington’s approach [100, 101]. Rather than assuming a meénhe Sun was assumed and ranged from 0.60 to 0.80 (see
atomic weight, Stromgren began his calculations by compiiible 3 in [107]). This resulted in helium and metallic frac-
ing opacity values, and from there, estimating the fraetiortional compositions of 0.19-0.32 and 0.01-0.08, respelgtiv
composition of hydrogen within several stars [100], redyin(see Table 3 in [107]).
in part on Russell's elemental composition [10]. He con- In 1961, Osterbrock and Rogerson would elegantly sum-
cluded that the fractional abundance of hydrogen w@s3 marize the situation relative to estimating helium aburgan
and maintained that the presence of helium would have litthethe Sun: Though helium is observed in the upper chromo-
effect on these calculations sinckydrogen and helium dosphere and in prominences, the physical conditions in these
not contribute to the opacity directly100, p. 139]. Strom- regions are too complicated and imperfectly understood for
gren would write: e have neglected the influence of heliurthe abundance ratio to be determined from measurements of

3.1 Henry Norris Russell

3.2 Early abundance calculations
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these emission lines. Hence the only reliable way to find tirked to the determination of internal solar opacity. The
helium abundance in the Sun is by analysis of its interrgiestions are complex and have been addressed in detail al-
structuré [108]. Yet, given the progress to date, the deteready by the author [78]. In the end, opacity tables [110}118
mination of elemental compositions within the Sun had bekave no place in the treatment of stellar problems, precisel
a complex adventure involving either assumed values of &ecause they are incapable of reproducing the thermal emis-
erage molecular weights, hydrogen abundances, energy géom spectrum required [78]. They simply mask ignorance
eration reactions, and opacity. The latter would evenjuatif a fundamental problem in astronomy: the mechanism for
present the greatestfficulties [78]. Osterbrock and Rogerthe production of a thermal spectrum. Their inability to ac-
son would utilize Weymann'’s calculation, along with makingount for the production of a single photon by graphite on
an assumption by setting tH# X ratio at 64x 1072 [108], Earth [78], establishes that stellar opacity derived freoy i
to estimate interior solar fractional abundanceXat 0.67, lated atoms and ions can play no role in the proper under-
Y = 0.29, andZ = 0.04. They were guided in this estimatiorstanding of thermal emissivity in the stars. As a result, he-
by the belief that: the solar, planetary nebula, and interstellium levels can never be established using theoretical thode
lar abundances are all essentially the sani£08, p.132]. ing based on the gaseous equations of state and their iiheren
For the planetary nebula NGC 7027 they set the fractiorasociation with stellar opacity tables [78].
abundances & = 0.64,Y = 0.32, andZ = 0.04 [108]. Solar
elemental composition became decidedly linked to estinale primordial helium abundances
from remote objects. The stage was set for conclusively link
ing solar elemental composition to stellar evolution anid pfhe quest to understand helium levels in the stars has been
mordial nucleosynthesis. further complicated by the inferred association of this ele
ment with primordial nucleosynthesis in Big Bang cosmol-
ogy [24-30]. Early on, Alpher, Bethe, and Gamow postulated
that the elements had been synthesized in a primordial fire-
Eventually, the solar neutrino problem entered theorktitall [122]. This nucleosynthesis was proposed to incluge th
modeling [16, 109]. In his simulations, John Bahcall woulentire periodic table and even unstable elements, witht shor
utilize fractional abundances of relatively narrow range=( lifetimes, of greater atomic number [122]. Soon, the ided th
0.715-0.80,Y = 0.19- 0.258 andZ = 0.01- 0.027), set- the composition of the stars was largely related to prinadrdi
ting the central densities and temperatures near 1&@°g conditions was born, especially relative to hydrogen and he
and 15 million Kelvin, respectively [16]. The results, as béium [24, 123]. No other scheme appeared likely to explain
fore, were reliant on the use of solar opacity estimates. [78]e tremendous He levels in stellar atmospheres, which ap-
By the beginning of the 1970s, fractional abundances for lgoached 27% by weight [3, 24]it‘is the purpose of this ar-
lium and the metals were settling on values near 0.28 diade to suggest that mild ‘cooking’ [such as found in stars]
0.02 [25]. Solar models became increasingly complex, lig-not enough and that most, if not all, of the material of
lying on stellar opacity tables [110-118], energy generatiour everyday world, of the Sun, of the stars in our Galaxy
equations, neutrino flux, and solar age to arrive at intgrnadnd probably of the whole local group of galaxies, if not the
consistent results [17, 18]. Complexity was also introducehole Universe, has been 'cooked’ to a temperature in excess
by considering helium and heavy elemenfuion through- of 10'°K” [123, p. 1108]. By then, the astrophysical commu-
out the solar body [17,18,119,120]. It became importantnity had already accepted that the heavy elements, which con
establish not only modern helium content, but also theahitstituted trivial amounts of matter compared to hydrogen and
helium abundance inthe Sun[17,21,121]. Gough had alredyium, had largely been synthesized in the stars [14]. Only
suggested that helioseismology could be used to help est&h-?H, 3He, “He, and’Li became candidates for synthesis
lish fractional abundancesThus one might anticipate infer-through a primordial process [124,125].
ring the hydrogen-helium abundance ratio by comparing the The postulate thathelium abundance is universal and
measured values with a sequence of model solar envelopess generated in a Big Bah{fl25] eventually came to wide
[19, p. 21]. Helioseismological results became strongtpin  acceptance. The entire theory was hinged on elevated helium
porated into solar modeling [20-23] anbelioseismic tech- abundances:We can now say that if the Universe originated
niques ... [became] ...the most accurate way to determifea singular way the H@l ratio cannot be less than about
the solar helium abundantf0, p. 235]. The techniques re-0.14. This value is of the same order of magnitude as the
mained linked to the equations of state which contained sil§served ratios although it is somewhat larger than most of
unknowns including: elemental composition, density, tethem. However, if it can be established empirically that the
perature, and pressure [20, p. 224]. Moreover, the probleraso is appreciably less than this in any astronomical aije
required an explicit knowledge of opacity [20, p. 224] frorth which djfussive seperation is out of the question, we can
its associated tables [110-118]. assert that the Universe did not have a singular oridit23,
Relative to solar models, the central problem remaips1109]. Elevated helium levels, along with the discovery

3.3 Modern abundance calculation
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of the microwave background [126] and the red-shifts of distore, the use of H Il regions for this purpose discounts the
tant galaxies [127,128] became one of the three greatgillatea that helium has been synthesized locally. Such a sug-
of Big Bang cosmology [24, 129, 130]. This explained whgestion should not be easily dismissed, as the temperatures
gravitational settling had become critical in discountioggy of observation [141] are well above those in equilibriumhwit
helium abundances of certain B type stars [3, 30, 31]. If etive hypothesized residual temperature of the Big BarK)
pirical helium levels fell into question and a mechanism ekt30]. Only low metallicity supports the idea that these he-
isted to accept the tremendously decreased helium level§ium concentrations are primordial. Nothing should praven
these special B type stars [3, 31] by preventing gravitafiorstellar systems from creating regions of low metallicityt-ou
settling [131], Big Bang cosmology could not survive. Steside of a cosmological context. In this regard, the elevated
lar and solar helium abundances cannot be allowed to dropemperatures of H Il regions suggest that a process well be-
modern cosmology. yond primordial considerations is now influencing elementa
Today, the quest to link helium abundances and primabundances in these regions. As such, it is imprudent to de-
dial nucleosynthesis has continued [26—30] using two linege primordial helium abundances from H Il regions.
of reasoning: 1) the analysis of anisotropy in the microwave We do not know, and will probably never be able to ascer-
background [132, 133] and 2) the observation of helium atgin, primordial helium abundances. In order to observe he-
hydrogen lines from low-metallicity extragalactic HIl iegs lium in astronomy, elevated temperatures are requiredsd he
[26,134-137]. immediately imply that the processes observed are no longer
Unfortunately, the use of anisotropy data [132,133] to aifr thermal equilibrium with those of interest in cosmology
alyze primordial helium abundances are highly suspecst,Fif130].
insurmountable problems exist with the WMAP data sets, as
already highlighted by the author [138]. WMAPfBrs from 5 go|ar winds: The key to understanding helium
significant galactic foreground contamination which canno
be properly removed [138]. In addition, the WMAP tearhi€lium abundances can also be monitored in the solar wind
cannot distinguish between signal arising from a hypothdf#43-152]. Presumably, the results are so dynamic that they
Ca”y primordia| Origin from those produced throughout th@';lnnot be utilized to establish helium levels in the Surfitse
universe as a result of normal stellar activity [138]. Whillowever, solar winds [143-152] have presented astronomy
evident 'point sources’ are taken into account, it remaims i With @ wealth of scientific information, which could be used
possible to determine, on a pixel by pixel basis, whether tifeProfoundly alter our understanding of the Sun [131].
signal has a primordial origin, or originates from an uniden Already in 1971, it was recognized that solar wind helium
tified non-cosmological object [138]. Furthermore, WMARbundance measurements gave values which were lower than
raw data has proven to be unstable from year to year iih@se ascertained from theoretical experiments [143,$. 36
manner inconsistent with the hypothesized cosmologidal ofhe study of solar winds became linked to models of the
gins of these signals [138]. The datdfsus from poor signal corona. Although the relative abundance and velocitieyeof h
to noise and the ILC cdgcients used for generating the finafirogen to helium were advanced as profoundly dependent on
anisotropy maps do not remain constant between data reledggation [143], it remained evident that solar winds haeota
[138]. Most troubling, the data sets cannot be combined @seat deal of reliable information. Early on, it was knowatth
ing a unique combination of spectral channels [138]. Ash&lium to hydrogen density ratios in the solar wind could ex-
result, since no unique anisotropy data set can be extragtedence dramatic fluctuations [144], especially in slowads
[138], the data has no scientific value in analyzing heliuih47], though values appeared more stable at high solar wind
abundances. Similar problems will occur when data from tepeeds [145]. Extremely low ratios of 0.01, rising to 0.08,
Planck satellite finally becomes available [139]. As a rgsulvith an average of 0.037, were reported [144]. Clearly, such
all helium abundances derived from microwave anisotrogglues were in direct conflict with the elevated helium lev-
data sets must be viewed with a high degree of suspicion. els expected in the Sun from primordial arguments [123]. As
On the surface, the extraction of primordial helium abuguch, solar wind measurements became viewed as unreliable
dances from H Il regions appears more feasible [26, 13#lative to estimating helium abundances in the Sun [148].
137]. H Il regions are rich in both hydrogen and helium but Nonetheless, something truly fascinating was present in
have low heavy element abundance440 solar) [140]. Un- solar wind data. The Sun appeared to be expelling helium
like H I regions & 60K), H Il regions exist at temperaturegJ. C. Robitaille, personal communication [131]) with in-
between 7,500 and 13,000 K [141]. In H |l regioribé*He creased activity. The helium to hydrogen ratio was observed
abundance is derived from the recombination lines of sindly increase in association with the onset of geomagnetic
and doubly ionizedHe; neutral “He is unobserveti[140, storms [144] and was highly responsive to the solar cycle
p.50]. Unfortunately, experiments which utilized H Il ref146,149,151]. The helium abundance could rise from av-
gions to assess primordial helium cannot easily ascetttain terage values of less than 2% at the solar minimum to around
the sample has a uniform elemental composition. Furthér5% at maximum [149]. After the early 1970s, the vari-
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ation in solar wind helium abundance became increasinggrein was an explicit admission that the cause of extremely
pronounced. By 1982, helium abundances in the solar wiog helium levels in the solar wind could not be adequately
came to vary from values as low as 0.001 to as elevateduaslerstood. Conversely, fractionation models continwed t
0.35[147]. A single value as high as 0.40 was reported [14ifisist that elevated helium abundances were linked to #ue fr

At least half of all elevated helium abundance events weienation of large atoms by collisions with protons [15231.5
related to a transient interplanetary shock wave disturdamNothing could be gathered about solar helium abundances
[147], though a significant portion were not associated witftom solar winds precisely because theoretical constfocts
such events. Each of these extremes highlighted somettbage such conclusions.

phenomenal relative to solar winds. To explain the variabil

ity, theoretical models turned to the large scale structireg conclusions

plasma. It was assumed that elevated helium abundance orig-

inated in regions of high magnetic field activity in the comorModern day reports of elemental abundancesin the Sun [154—
[131]. It was found that helium abundan@thancements of-156] maintain that the Sun has a relatively large propoxtion
ten have unusually high ionization temperatures, indieatif helium withY values typically near 0.248 and primordial val-
an Origin in active solar processes. .. Conective'y’ thebe ues of 0.275. These values come from theoretical modeling,
servations suggest that... [helium abundance] ...enhan@8 helium remains spectroscopically silent in the photesph
ments in the solar wind signal the arrival of plasma ejectedd solar winds are viewed as unreliable [155, p. 166]. There
from low in the corona during a disturbance such as a lardére, claims that helium hasvery high abundancef155,
solar flare or an eruptive prominent¢l47]. While solar P.166] in the Sun are not supported by observational fact.
winds had a close link to theebmposition of the source main the end, mankind understands much less about this cen-

terial” it could then ‘be modified by the processes which ofal element than a cursory review of the literature migly-su
erate in the transition zone and in the inner cordifa4g]. gest. Careful consideration of solar modeling establisats
Primordial helium abundances within the Sun could be sav@itheoretical estimates of helium levels in the Sun cannot
by discounting that solar wind helium abundances had d¢fy relied upon, given their dependence of solar opacity ta-
meaning whatsoever relative to the composition of the SBi¢s [78]. This also applies to theoretical results which at
itself. The idea that solar activity reflected the expulsidn tempt to extract helium levels from helioseismology [156].
helium from the Sun (J. C. Robitaille, personal communickor this reason, it is simply not possible to establish etxva
tion [131]) was never advanced. While the scientific corhelium levels in the Sun from theory. As helium levels can-
munity maintained that helium abundances were not reljiabit be established spectroscopically, we are left with ttars
they claimed that it was possible to ascertain the fractiofgnds for guidance.

isotopic composition of the elements in the solar wind and re  Currently, solar winds are viewed as too complex to yield
late them directly to the solar convective zon€he variabil- information relative to solar abundances. In large measure
ity of the elemental abundances in the solar wind on all tintiis is because scientists are trying to understand thisidat
scales and the FIP... [first ionization potential] . ffect, the context of an object whose helium abundance has been
and its variability, will make it dficult to derive accurate largely set in primordial times [24, 123, 155]. The idea that
solar abundances from solar wind measurements, with ti€ Sun and the stars are actively working to control their he
exception of isotopic determinatiorid50]. Of course, iso- lium levels has never been previously considered [131].-Nev
tope analysis could never constitute a challenge to the exgheless, the association of solar activity and elevagtidin
tence of large amounts of primordial helium in the Sun [123gvels [146, 149, 151] strongly suggests that the activeiSun
Solar wind helium abundances had to be simply correla®@xpelling helium and excluding it from its hydrogen based la
to the coronal magnetic field, although the correlatiorficoetice (J. C. Robitaille, personal communication [131]). élar
cient was not powerfuls ~ 0.3) [152]. Nonetheless, heliumcan be found the cause of extremely low helium abundance
abundance depressions could not be explained under suefien obtained in the slow solar wind: the Sun works to keep
scenario [152]. At the same time, it is currently believeat thits helium levels low and solar activity represent a direatim
“solar wind abundances are not a genuine, unbiased sasfestation of this fact. In the quiet Sun the slow solar vgind
ple of solar abundances, but they are fractionated. One sun report fractional abundances of less than 2% and these
fractionation depends on the first ionization potential®lEl should be viewed as steady state helium removal from the
When comparing solar wind to solar abundances, elemea@vective zone of the Sun. Such an idea strongly supports
with low FIP (<10 eV) are enriched by a significant factor, théhe contention that the Sun and the stars are primarily com-
FIP bias, over those with a high FIP ... Another fractionatioprised of hydrogen in the liquid metallic state [131, 157].
process gects mainly helium, causing its abundance in the In advancing that the universe is largely composed of hy-
SW to be only about half of the solar abundance. .. It is masbgen and that helium is being excluded from the stars
likely due to insgficient Coulomb drag between protons an¢l). C. Robitaille, personal communication [131]), perhiiss
alpha particles in the accelerating solar wihfiL54, p. 16]. appropriate to turn once again to Cecilia Payne, as the §irsta
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tronomer to highlight the tremendous abundance of hydrogem Russell H.N. On the composition of the Sun's atmosphasro-
in the universe [8]. As a child, she had been eager to become phys. J. 1929, v.70, 11-82.
an astronomerit case there should be no research left whehl. Bethe H.A. and Critchfield C.L. The formation of deutesduy proton
she grew up[1, p.72-73]. Yet, her position changed dra-  combinatonPhys. Rey.1938, v.54, 248-254.
matically with age: tooking back on my years of research12- Bethe H.A. Energy production in staRfhys. Rey.1939, v. 55(1), 103.
| don't like to dwell only on my mistakes; | am inclined tol3: Bethe H.A. Energy production in staPhys. Rey.1939, v.55(1), 434—
count my blessings, and two seem to me to be very especia!llyB bidge E.M., Burbidge G.R., Fowler W.A. and Hoyle Faesis of
- . . . . urpiage e.\vl., burpidge G.K., Fowler VWW.A. an oyle Fn. SIS O
yaluazle' | Th_ef first blessmgfls th?:lt theh prl(l)chesi of dISCOVEJI’y the elements in the staiRev. Modern Phys1957, v. 29(4), 547—-650.
IS gradual — It we We,re confronted with all the facts at OnC?S. Wallerstein G., Icko I., Parker P., Boesgaard A.M., Hal#., Cham-
we should be so bewildered that.we.should not know.how 0 pagne AE., Barnes C.A., Kappeler F., Smith V.., ffiean R.D.,
interpret them. The second blessing is that we are notimmor- Timmes F.X., Sneden C., Boyd R.N., Meyer B.S. and Lambert D.L
tal. | say this because, after all, the human mind is not [ﬁab Synthesis of the elements in stars: forty years of progfeeg. Modern
enough to adapt to the continual changes in scientific ideas Phys, 1997, v. 69(4), 995-1084. _ _
and techniques. | suspect there are still many astronom Bahcall J.N., Bahcall N.A. and Shaviv G. Present statttisetheoreti-

who are working on problems, and with equipment, that are

many years out of date. Now that | am old, | see that itis dap.
gerous to be in too much of a hurry, to be too anxious to see

the final result oneself. Our research does not belong toaus, t

our institution, or to our country. It belongs to mankind.dAn 18.
so | say to you, the young generation of astronomers: more
power to you. May you continue to expand the picture of t

universe, and may you never lose the thrill it gave you when'it’
first broke on you in all its glory{Cecilia Payne-Gaposchkin, ,,

April 10, 1968 [50, p. xVv]].
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