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The chromosphere is the site of weak emission lines chaizioge the flash spectrum
observed for a few seconds during a total eclipse. This laféine solar atmosphere
is known to possess an opaque emission and a great number of spicules, which can
extend well above the photosphere. A stunning variety ofdyen emission lines have
been observed in this region. The production of these linsphovided the seventeenth
line of evidence that the Sun is comprised of condensed nm(&ubitaille P.M. Liquid
Metallic Hydrogen II: A critical assessment of current anihrdial helium levels
in Sun. Progr. Phys, 2013, v.2, 35-47). Contrary to the gaseous solar modeds, th
simplest mechanism for the production of emission linetiésevaporation of excited
atoms from condensed surfaces existing within the chrotreep as found in spicules.
This is reminiscent of the chemiluminescence which occurid the condensation of
silver clusters (Konig L., Rabin I., Schultze W., and ErtlGemiluminescence in the
Agglomeration of Metal ClustersSciencev. 274, no. 5291, 1353—-1355). The process
associated with spicule formation is an exothermic onejirg the transport of energy
away from the site of condensation. As atoms leave locakzefhces, their electrons
can occupy any energy level and, hence, a wide variety ofsomidines are produced.
In this regard, it is hypothesized that the presence of dgdron the Sun can also fa-
cilitate hydrogen condensation in the chromosphere. Teecited line emission from
main group and transition elements constitutes the tHirtiee of evidence that the Sun
is condensed matter. Condensation processes also helpamexhy spicules manifest
an apparently constant temperature over their entire terfgince the corona supports
magnetic field lines, the random orientations associatéuspicule formation suggests
that the hydrogen condensates in the chromosphere are talticia nature. Spicules
provide a means, not to heat the corona, but rather, for emedehydrogen to rejoin
the photospheric layer of the Sun. Spicular velocities ofmfation are known to be
essentially independent of gravitationélleets and highly supportive of the hypothesis
that true condensation processes are being observed. &benpe of spicules brings
into question established chromospheric densities andda® additional support for
condensation processes in the chromosphere, the seveaibf levidence that the Sun
is comprised of condensed matter.

In order to explain the occurrence of the dark lines cluded that the body of the Sun was gaseous, he believed that
in the solar spectrum, we must assume that the solar ., yenged matter was “suspended” within the photosphere
atmosphere incloses a luminous nucleus, producing . .
a continuous spectrum, the brightness of which ex- [3]. Secchlwquld commenton the appearance of spicules and
ceeds a certain limit. The most probable supposi- the outer p_ort|0n of the c_hromosphg‘rm general, the Chr_o-
tion which can be made respecting the Sun's consti- mosphere is poorly terminated and its external surface fs ga
tution iS, that it consists of a solid or ||qu|d nuc]eUS, n|Shed W|th fl‘lnges ... tis a|mOSt aIWayS COVered W|thd|tt
heated to a temperature of the brightest whiteness, nets terminated in a point and entirely similar to hair"Sec-
surrounded by an atmosphere of somewhat lower chi mentioned the tremendous variability in spicule orent
temperature. tion, their enormous size, and how these structures rerdinde
Gustav Robert Kirchh®, 1862 [1] him of flames present in a field wherein one burns grasses af-
_ _ ter the harvest . ‘It often happens, especially in the region
Nearly 150 years have now passed since Kir¢hivoote of sunspots, that the chromosphere presents an aspect of a
about the Sun [1] and Father Angelo Secchi illustrated chigsry active network whose surface, unequal and rough, seems

mospheric spicules for the first time [2, p. 32]. Secchi viewgomposed of brilliant clouds analogous to our cumulus; the
the chromospheric region as clearly defined on one side, like

the surface of a liquid layer [2, p.33]. Though he had con- *All translations from French were accomplished by the autho
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disposition of which resembles the beads of our rosary; a feame actually increase with elevation, rise in jerks, opsto
of which dilate in order to form little dfuse elevations onsuddenly upon reaching their maximum height [6, p. 45-60].
the sides”[2, p. 31-36]. He would emphasize tH#here is Spicules have been said texpand laterally or slit into two
thus no illusion to worry about, the phenomena that we hasemore strands after being ejectef?6]. Such behavior is
just exposed to the reader are not simple optical findings, mtrongly suggestive of a condensation process.
objects which really exist, faithfully represented to oye® Spicules are often associated with magnetic phenomena
using instruments employed to observe th¢2y’p. 35-36]. in the chromosphere [4-15]. They can be represented as ly-

The chromosphere is a region of intense magnetic aciivg above photospheric intergranular lanes. In so doirey, th
ity, but its nature, and in particular that of its mottles arskem to be experiencing lateral magnetic pressure from the
spicules [4—15], remains a mystery [16]. The low chromesaterial trapped within the field lines that originate in fize
sphere is dominated by emission lines from neutral atoms aadsurface, as displayed in Fig. 1.
rare earths, but near its upper boundary strong lines frolin Ca
and H are present [16]. Harold Zirin highlights tHdthe
chromosphere is the least-well understood layer of theSun’
atmosphere. .. Part of the problem is that it is so dynamic anc
transient. At this height an ill-defined magnetic field domi-
nates the gas and determines the structure. Since we do n
know the physical mechanisms, it is impossible to produce
realistic model. Since most of the models ignored much of th----
data, they generally contradict the observational datap-Ty
ical models ignore other constraints and just match only the
XUV data; this is not enough for a unique solution. It re-
minds one of the discovery of the sunspot cycle. While mo: Intergranular
of the great 18th century astronomers agreed that the sunspt Lane
occurrence was random, only Schwabe, an amateur, took the
trouble to track the number of sunspots, thereby discogeriRig. 1: Schematic representation of spicules overlyingritergran-
the 11-year cycle[16]. ular lane on the outer boundary of a supergranule and sudealioy

The struggle to understand the chromosphere is, in largagnetic field lines emanating from the solar surface. Tigé is
measure, a direct result of the adherence to gaseous n#dedaptation based on Fig. IV-13in [4, p. 162].
els of the Sun and a rejection of condensed matter [17-21].
The chromosphere is hypothesized to be only 2—-3,000 km Numerous magnetic field lines escape from the solar in-
thick [7, p.232]. Yet, chromospheric emission lines froigrior through the photospheric surface. These fields must
hydrogen, calcium, and helium can extend up to 10,000 kraverse the chromospheric material. As a result, most so-
above the solar surface [6, p. 8]. Zirin comments on the chtar observers believe that chromospheric structures aeg-n
mosphere as followsYears ago the journals were filled withently magnetic [4-15]. Spicules are though to be propelling
discussions of ‘the height of the chromosphere’. It wasrcle@atter upwards into the corona [27] and not gathering matter
that the apparent scale height of 1000 km far exceeded tHaough condensation, for rejoining the photosphere.
in hydrostatic equilibrium. In modern times, a conveniemts  However, given the appearance of chromospheric struc-
lution has been found — denial. Although anyone can meares, such as rosettes and mottles, and the somewhat random
sure its height with a ruler and find it extending to 5000 kmyientations of spicules [4—15], it seems unlikely thatsthe
most publications state that it becomes the corona at 2000 &hjects can be of magnetic origin. What is more probable is
above the surface. We cannot explain the great height or that, while non-metallic, chromospheric structures ariadpe
erroneous models... While models say 2000 km, the data&agfined by charged plasmas, or metallic hydrogen [17-21],

___— Spicules —
Corona

Chromosphere

Supergranule

5000’ [16]. flowing in conjunction with the solar magnetic fields lines,
Though the chromosphere contains bright floculi in the ®uch as illustrated in Fig. 1.
line of Ca Il, which coincide in position with &l rosettes [6, Since the gaseous models [22—-24] depend on excessive

p. 85-86], and though it is laced with brigtéark mottles and temperatures in order to explain emission lines, spicudes h
spicules, gaseous solar models [22—-24] have no direct mdagsn advanced as partly responsible for heating the corona
of accounting for such structures [25]. [27]. Two forms of spicules were postulated from observa-
It remains fascinating that spicule formation velocitips ations. Type | spicules can be viewed as classic spicules with
pear to be largely independent of gravitational forces f-1lifetimes on the order of 3—7 minutes [27]. Type Il spicules
though some féorts have been made to establish such a mgere believed to form rapidly, be short lived (10-150s) and
lationship [26]. In general, while most velocities of sg&si thin (<200 km), and capable of projecting material into the
formation seem to move at nearly uniform speeds [4, p. 6ihper chromosphere at great velocities [27]. Type | spgule
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were said to move up and down, while Type Il spicules fadedmplex things into simple onef29, p. 1].
[27]. Type Il spicules were claimed to be potentially impor- A condensed solar model provides elegant solutions to
tant in heating the outer atmosphere [27]. But recentlyy ththe most perplexing questions relative to the chromosphere
existence and role appears to have been soundly refuted [28]s is especially true relative to apparent heating, as$ bes
Though chromospheric observers remain intrigued witinderstood through the careful consideration of how chromo
structure [4-15, 26], they adhere to the gaseous solar mspheric emission lines are produced.
els [22-24], even though gases cannot exhibit true conden-Within gaseous models, line emission requires either pho-
sation. As a result, all chromospheric and coronal strestuton absorption, or electron collision, to excite the emdti
must be viewed as gasoues plasmas of exceedingly low deatim [4, p. 228]. This represents an attempt to explain spec-
ties [7]. Since they are not condensed matter in the confextra using random processes. In the condensed model [17-21]
the gaseous models [22—-24], the strange properties oflspiapectra are tied to the formation of chromospheric strastur
formation and the structures of rosettes and mottles, mmhine emission becomes inherently linked to understanding
an anomaly, rather than indicators of the nature of the chtbe very nature of the chromosphere.
mosphere. The quest for answers begins with the consideration of
In contrast, this work now advances that chromospheciecndensation processes in clusters, the smallest prestoso
structures represent solar material in the condensed $fate condensed matter [32—37]. Clusters can be super-stable and
21]. Matter in this region fluctuates between gaseous and cact as superatoms [38]. In addition, their most favorabte co
densed, as spicules and mottles form and dissipate [9-]L5, fiurations can be linked to highest electrdhirdty and not to
This is reminiscent of phenomena such as critical opal#éise energy of the ground state [39]. Condensation processes
cence [25]. The chromosphere appears to be a site of imyelusters have been known to be associated with light emis-
drogen condensation. The mystery lies only in how this caion [40,41] and are exothermic. Thus, the apparent heating
be achieved. of the chromosphere might best be understood by considering
In order to better understand the chromosphere, one tagse reactions.
revisit the classic work of Donald H. Menzel published 1931, In 1996, chemiluminescence was first reported to occur
“A Study of the Solar Chromospherg29]. Within this vol- during the agglomeration of silver clusters [40]. By nedgss
ume, three revelations continue to make their mark. Firhie reactions involved took place at low temperatw®0K),
there is an amazing prevalence of emission lines from a winlé the lessons learned directly translate to other caniti
variety of atoms within this layer of the Sun (see Table | [2Gerhart Ertl (Nobel Prize, Chemistry, 2007) and his team
p.18-113]). Second, the chromosphere contains an exteighlight: “Exothermic chemical reactions may be accompa-
sive group of emission lines from hydrogen (see Table 3 [28¢ed by chemiluminescence. In these reactions, the ralease
p.128]). Menzel lists more than twenty-three hydrogen emenergy is not adiabatically damped into the heat bath of the
sion lines in his Table 3 [29]. Along with Cillié, Menzel soo surrounding medium but rather is stored in an excited stéte o
observed Balmer series emission up to H31, with highersstatiee product; decay from this excited state to the groundestat
limited only by resolution [30]. Third, he outlines a hydeayg is associated with light emissiorj40].
abundance in the chromosphere which is 100 times more el-The reactions presented by Ertl [40], which are of inter-
evated than in the Sun (see Table 20 [29, p. 281]). Menze&l& relative to the chromosphere, are illustrated by the con
chromospheric hydrogen abundance was nearly 1,000 tirdessation of two silver fragments, resulting in an actiglate
more elevated [29, p. 275-281] than that which had been ckister species: M+ Mm — M;,,,. The activated clus-
ported by Henry Norris Russell from the Fraunhofer spectrusr returns to the ground state by ejecting an excited atom:
of the Sun itself just a few years before [31]. Miwn = Mmino1 + M. Finally, the excited silver atom is
While eighty years have passed sirfi8eStudy of the So- able to relax to the ground state by emitting light: M M +
lar Chromosphere'was published [29], much remains to bév. Consequently, since condensation processes are exothe
understood relative to this region of the Sun. P. Heinzetlesri mic, they are capable of producing excited atoms which re-
that“Moreover, the energy supply into these layers is largebult in emission. To extend these concepts to the solar chro-
unknown, we only know that the radiation is not the dommosphere, it is useful to consider the types of condensation
nant source of heating. The solar chromosphere is probabdactions which might be present in this region of the Sun.
the least understood part of the Sun, even compared to theln the chromosphere, it is possible to observe spectro-
solar interior on which helioseismology has focused duriregopic emission lines from atomic hydrogen corresponding t
last decades’8]. Much like other physical processes in théhe Lyman (n > 1 —»n; =1 [42]), Balmer (n > 2 ->n; =2
Sun, local heating is being tentatively attributed to maigne[30]), and Paschen series;(n 3 — n; =3 [43]).* Lyman
mechanisms. Yet, if the chromosphere remains a mystery, ¢éngission lines involve relaxation back to the ground statk a
cause rests on the insistence that the Sun must exist inthe N
. . Up to eleven separate Lyman emission lines have been ret¢mge?
gaseous state. Donald Menzel reminds‘Wiie province of ihough =17 [42, p. 47]), Balmer lines at least up te=81 [30], and at
the scientist is the untangling of mysteries, the rendeohgleast nine Paschen lines,&8 through n=16) [43]
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can directly be deduced to arise from the condensation of Ryzybilla and Buttler have already simulated the linewialth
drogen fragments, i+ Hy, — H;,,,,, relaxation of the resul- hydrogen emission lines in the chromosphere and reached the
tant condensation product through the ejection of an eXciwmonclusion that some of the linésouple tightly to the con-
hydrogen atom, K,,, - Hm.n-1 + H*, and finally the return tinuum” [53]. But within the context of the gaseous solar
to the ground state of the excited hydrogen atom with lighttodels, it is impossible t&couple tightly to the continuum”
emission, H — H + hv. as the latter merely represents an opacity change, not a phys
In reality, it is reasonable to postulate that reaction&@n tical structure [54]. It is for this reason that the emissioe$
chromosphere primarily involves the combination of molecof hydrogen have already been ascribed to the seventeenth
lar hydrogen with much larger condensed hydrogen strustuliae of evidence that the Sun is comprised of condensed mat-
or seeds, CHS, since this region of the Sun displays tangitde [19]. Line emission can be linked to condensation, as
signs of condensed matter in the form of spicules and m&ttl has already elegantly demonstrated [40, 41]. Morgover
tles [9-15, 26]. within the condensed models of the Sun, it would be natural
In this case, molecular hydrogeng Hnitially combines that hydrogen emission associated with condensation would
with these larger structures, CHH, — CHS-H,, resulting “couple tightly to the continuum”
in mass increase, CHS—H, and the subsequent line emissiorBefore closing the discussion of hydrogen, it is important
from the ejected hydrogen atom; H»> H + hv. Given the to digress slightly from addressing emission in order te dis
extensive quantities of hydrogen in the Sun, it would be esuss the hydrogen Fraunhofer absorption lines of the Balmer
pected that numerous such reactions could take place simuderies. These lines are known to be broad and, as first relporte
neously on any given CHS and result in the rapid appearabgeUnsold [55], their relative intensities do not decrease
of spicules and mottles in the solar atmosphere [9-15, 28le manner predicted from quantum mechanical considera-
Since these reactions dieot adiabatically dumped into the tions. This has already been discussed by the author [19].
heat bath of the surrounding mediunj0], condensation Therefore, Fraunhofer lines are not directly related to-con
processes could result in the emission of Balmer [30] addnsation processes. Isolated atoms, unlike diatomsthack
Paschen lines [43]. In fact, the first line of the Balmer sability to add protons to condensed structures, while at the
ries (n = 3 —» n1=2), known as the Hline, is responsible same time removing heat. It is unlikely that isolated atoms
for the reddish hue of the chromosphere [7, p. 232]. can condense onto larger structures. It is more probabie tha
The aforementioned reactions depend on the presencthef combine with one another to make a molecular species
molecular hydrogen in the chromosphere. Unfortunatedy, twhich, in turn, can condense. Hence, the broadening associ-
concentrations of molecular hydrogen are extremdiyadilt ated with the Balmer Fraunhofer lines can be linked to colli-
to estimate in astrophysics, even if this species is widety c sional processes whereby atoms are strongly interactiting wi
sidered to the most abundant molecule in the universe. The condensed matter which surrounds them, but not condens-
difficulty in establishing molecular hydrogen concentratioimsy. This represents, as previously mentioned, the sixeen
stems from the fact that all rotational-vibrational trdiosis line of evidence that the Sun is comprised of condensed mat-
from the ground electronic state of this diatom are forbiter [19].
den [44]. As aresult, astronomers typically use indiredfme  Returning to line emission, in addition to molecular hy-
ods to compute molecular hydrogen fractions in the galadkogen, the chromosphere may well possess other species
ies [44-47] and sunspot umbra where the molecule is thougfiich can facilitate the condensation of hydrogen atoms. In
to be abundant [48]. deed, many hydrides have been identified either on the solar
Nonetheless, molecular hydrogen has been directly alisk itself or within sunspots [56, 57], including CaH, MgH,
served in sunspots in the extreme ultra-violet, a regiohef tCH, OH, HO, NH, SH, SiH, AlH, CoH, CuH, and NiH. The
electromagnetic spectrum were the emission lines are rgleesence of CaH and MgH in the Sun have been known since
tively strong [49,50]. Furthermore, Jordan et al. [49] iepahe beginning of the 20th century [58]. In the laboratory hy-
a significant enhancement of the molecular hydrogen sigdades from the main group elements (Li, Na, K, Rb, Cs, Be,
when chromospheric material lies over the sunspot of intétg, Ca, St, Ba, B, Al, Ga, In, Tl, C, Si, Ge, Sn, N, P, As, Sb,
est. While these signals are generally weak on the quiet BinO, S, Se, Te, F, Cl, Br, and I) and many of the transition
and in the limb [51], the emission from flares [50] and chraoretals (including amongst others V, Fe, Co, Ni, Cu, Ag, Zn,
mospheric plages [52] can be rather strong. Given the difid Cd) are readily synthesized [59]. Hydrogen appears to
ficulty in observing molecular hydrogen in the ground stateave a great disposition to form hydrides of all kinds and thi
these findings are significant and highlight that this sgecie an important realization relative to understanding tveelr
should be available to support condensation reactionsan folar atmosphere.
chromosphere. Interestingly, the emission lines from Call and Mgll are
Therefore, it is likely that the hydrogen emission lines garticularly important in the chromosphere (e.g. [4, p-361
the chromospheric level are related to the growth of CHS aB@9]). The second ionization state is singly charged (&=
the recapture of hydrogen from the outer solar atmosphévig*). But, the inert gas structure of these ions would demand
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a doubly charged species, i.e."€and Mg. As such, why mit hydrogen to simply escape, without recovery, into extra
is it that the most important ions of calcium and magnesiwnolar space. Rather, molecular hydrogen and hydrides are
on the Sun are singly charged? The answer is likely to rékely to be participating in the continued recondensatibn
with their role in making hydrogen available for condensaydrogen within the chromosphere generating the observed
tion. emission lines. The resulting material appears to be non-

Consider the reactions for calcium. It should be possibigetallic since spicules can display orientations whichraxte
for CaH and a condensed hydrogen structure to create an actipled to the magnetic field lines of the Sun [9-15]. This
vated complex, CHS CaH— CHS-HCA4. This would then material may then rejoin the photosphere and travel into the
be followed by an exothermic step involving the expulsion gblar interior, perhaps using intergranular lanes [63].c©n
an activated Call ion, CHS—-HCa CHS-H+ Ca™, followed in the interior of the Sun, pressure would facilitate the re-
by the line emission from Cdil Ca™ — Ca* + hv. synthesis of metallic hydrogen.

An identical scenario could be advanced for all the mono- In summary, for the first time, it is advanced that com-
hydrides, resulting in the observed line emission fromrthgilex condensation reactions take place in the chromosphere
associated cations. Indeed, chromospheric emission lmesThese result in line-emission and provides a novel way to ex-
volving cations in modest oxidation states, are likely to lain both spectra and structures on the Sun. The chromo-
generated following a very similar mechanism. Some atorsphere appears to be rich in atomic and molecular hydrogen.
like oxygen or iron, may well exist as dihydride or higheffurthermore, a wide array of hydride based reactions seem
complexes of hydrogen. They should participate similamly to occur within the chromosphere and these provide a power-
condensation reactions, bringing in the process one or mhrdncentive to further the understanding of condensagiod
hydrogen atoms to the site of condensation. The metal lydride chemistry on Earth. In this respect, the presence of
drides thereby would constitute important building blogks metal hydrides [56-58] and the line emission of main group
the resynthesis of condensed forms of hydrogen. and transition elements in the chromosphere constitutes th

When molecular hydrogen delivers a single proton to tktartieth line of evidence that the Sun is comprised of con-
condensation reactions, it is also delivering a singletede¢c densed matter.
if a neutral hydrogen atom subsequently emits. The same
can be said for all hydrides wherein neutral atoms are ejecfscknowledgment
from the condensate to then produce emission lines. Atonig Robitaille is acknowledged for the figure preparation.
like oxygen have higher ionization potentials that the klka
alkaline, or transition metals and may well prefer to hold daedication

to their electrons. Emission lines from neutral oxygen afgsdicated to the poor, who sleep, nearly forgotten, under th

well know to be present during spicule formation [60]. light of the Southern Cross.
Conversely, a species like CaH is delivering two electrons _
when generating Call, as the negative hydrogen ion is being Submitted on: May 1, 2018Accepted on: May 2, 2013

released. This suggests that condensed hydrogen strsicture First published in online on: May 13, 2013

CHS, in the chromosphere might have reasonable electé@ger ences

affinities, thoth perhaps Sllghtly less than that of oxygen ”1. Kirchhat G. The physical constitution of the Sun. IResearches on

the lower chromospherg. the Solar Spectrum and the Spectra of the Chemical EleniEratss-
Importantly, the delivery of hydrogen to condensed hy- lated by H.E. Roscoe, Macmillan and Co., Cambridge, 18623 p.

drogen structures will involve potentially strong intelians 2. Secchi A. Le Soleil (2nd Edition, Part I1). Guathier-¥iis, Paris, 1877.

between the carrier atoms (H, Ca, Mg, etc.) and the conden- Robitaille P.M. A thermodynamic history of the solar ciitation — I:

sate surface. This would be expected to result in substan- The journey to a gaseous Strogr. Phys, 2011, v. 3, 3-25.

tial line broadening of the ejected excited species. In eupp 4 Athay R.G. The Solar Chromosphere and Corona: Quiet StReldel

of such an idea, Call and Mgl spicule lines are known to " uPlishing Co., Boston, M.A., 1976.

be broad, and the Hemission lines also display increased® homas R:N. and Athay R.G. Physics of the Solar Chromaspie

. . L . terscience Publishers, New York, N.Y., 1961.

linewidths (see e.g. [60—-62]). Such findings suggest tlghé

. . L Bray R.J. and Loughhead R.E. The Solar Chromosphere nGrapnd
coupling of these atoms to the condensate prior to ejection. i td. London, U.K., 1974.

Conve_rsely, spicule em_iSSion linewidths from t.h@' H,, He 7. Umschneider P. The physics of the chromosphere and aohorec-

emission line, the D3 line from He, and the line from neu- tures on Solar Physigéi.M. Antia, A. Bhatnagar and R. Ulmschneider,

tral oxygen are all sharp [60] in spicules, suggesting weake Eds.), Springer, Berlin, 2003, p. 232-280.

coupling in those cases. 8. Heinzel P. Understanding the solar chromosphere. “Exploring
Contrary to gaseous models of the Sun which have as- the Solar System and the Universd€Y¥. Mioc, C. Dumitrache, N.A.

ibed ble tion to the ch h thili Popescu, Eds.), American Institute of Physics, 2008, 288-2
cribed no reasonablé function to the chromosphere, Iqug Woltjer L. A photometric investigation of the spiculesdathe struc-

metallic hydrogen fra_lmework [17-21] appears to provide & yyre of the chromospher&ull. Astron. Inst. Netherland€.954, v. 12,
sound purpose for this layer. A condensed Sun does not per- no. 454, 165-176.

Pierre-Marie Robitaille. On the Nature of the Chromosphere L19



Volume 3

PROGRESS IN PHYSICS

July, 2013

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

L20

Rush J.H. and Roberts W.O. Recent studies of chromdspmcules.
Australian J. Phys.1954, v. 7, 230-243.

Beckers J.M. Solar spicule&nn. Rev. Astron. Astrophy4972, v. 10,
73-100.

Lorrain P. and Koutchmy S. Two dynamical models for sefzcules.
Solar Phys.1996, v. 165, 115-137.

Sterling A. Solar spicules: A review of recent models &ardets for
future observationsSolar Phys.2000, v. 196, 79-111.

Zagarashvili T.V. and Erdélyi R. Oscillations and wavia solar
spicules.Space Sci. Re2009, v. 149, 355-388.

Pasach® J.M., Jacobson W.A. and Sterling A.C. Limb spicules from37

ground and from spac&olar Phys.2009, v. 260, 59-82.

Zirin H. The mystery of the chromosphefolar Phys. 1996, v. 169,
313-326.

Robitaille P.M. A high temperature liquid plasma modetre Sun.
Progr. Phys, 2007, v. 1, 70-81 (also in arXiv: astro/10075).

Robitaille P.M. Liquid Metallic Hydrogen: A Building Btk for the
Liquid Sun.Progr. Phys, 2011, v. 3, 60-74.

Robitaille P.M. Liquid Metallic Hydrogen II: A Criticahssessment of
Current and Primordial Helium Levels in Suprogr. Phys, 2013, v. 2,
35-47.

Robitaille J.C. and Robitaille P.M. Liquid Metallic Hyafen . Inter-
calation and Lattice Exclusion Versus Gravitational $egtihnd Their
Consequences Relative to Internal Structure, Surfaceijctand So-
lar Winds in the SunProgr. Phys, 2013, v. 2, 87-97.

Robitaille P.M. Commentary on the liquid metallic hygem model of
the Sun. Insight relative to coronal holes, sunspots, atat sctivity.
Progr. Phys, 2013, v. 2, L7-L9.

Kippenhahn R. and Weigert A. Stellar structure and eimiu
Springer-Verlag, Berlin, 1990.

Bahcall J.N. and Pinsonneault M.H. Standard solar nspaéth and
without helium difusion, and the solar neutrino probleRRev. Mod.
Phys, 1992, v. 64, no.4, 885-926.

Bachall J.N., Pinsonneault M.H. and Wasserburg G.JrSubdels
with helium and heavy-elementftlision.Rev. Mod. Phys1995, v. 67,
no. 4, 781-808.

Robitaille P.M. The solar photosphere: Evidence fodemsed matter.
Progr. Phys, 2006, v. 2, 17-21.

Tsiropoula G., Tziotsious K., Kontogiannis I., Madj@asM.S., Doyle
J.G. and Suematsu Y. Solar fine-scale structures |. Spiemésther
small-scale, jet-like events at the chromospheric leveisévations
and physical parameterSpace Sci. Rex2012, v. 169, 181-244.

De Pontieu B., McIntosh S.W., Hansteen V.H., CarlssonSdhrijver

C.J., Tarbell T.D., Title A.M., Shine R.A., Suematsu Y., fista S.,
Katsukawa Y., Ichimoto K., Shimizu T. and Nagata S. A talewb t
spicules: The impact of spicules on the magnetic chromaspRebl.

Astron. Soc. Japar2007, v. 59, 655-660.

Zhang Y.Z., Shirata K, Wang J.X., Mao X.J., Matsumotd_iu,Y. and
Su T.T. Revision of spicule classificatioAstrophys. J.2012, v. 750,
16 (9 pages).

Menzel D.H. A Study of the Solar Chromosphefeblications of the

Lick Observatory University of California Press, Berkeley, CA, v. 17, 52.

1931.

Menzel D.H. and Cillié G.G. Hydrogen emission in theathosphere.
Astrophys. J.1937, v. 85, 88-106.

Russell H.N. On the composition of the Sun’s atmosph&seophys.
J., 1929, v. 70, 11-82.

Khanna S.N. and Jena P. Atomic clusters: Building bldoksa class
of solids.Phys. Rev. B1995, v.51, no. 19, 13705-13716.

Bactic Z. and Miller R.E. Molecular clusters: Strugtand dynamics

of weakly bound systemsd. Phys. Chem1996, v. 100, 12945-12959.

34.

35.

36.

Alivisatos A.P., Barbara P.F., Castleman A.W., Chan@ikon D.A.,
Klein M.L, McLendon G.L., Miller J.S., Ratner M.A., RosskyJR
Stupp S.l.,, Thompson M.E. From molecules to materials: &urr
trends and future directionddv. Materials 1998, v. 10, no. 16, 1297—
1336.

Claridge S.A., Castleman A.W., Khanna S.N., Murray C38n A. and
Weiss P.S. Cluster-assembled materidl€S Nang 2009, v. 3, no. 2,
244-255.

Castleman A.W. and Bowen K.H. Clusters: Structure, ggt@ms, and
dynamics of intermediate states of matfeiChem. Phys1996, v. 100,
no. 31, 12911-12944.

Castlemann A.W. and Khanna S.N. Clusters, superatamdjuilding
blocks of new materialsl. Phys. Chem. (2009, v. 113, 2664-2675.

38. Bergeron D.E., Castleman A.W., Morisato T. and Khanré. $or-

mation of Ahsl™: Evidence for the superhalogen character ofzAl
Science2004, v. 304, no. 5667, 84-87.

39. Kronik L., Fromherz R., Ko E., Ganterfor G. and Chelilshwy J.R.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

53.

54.

55.

56.

Highest electron finity as a predictor of cluster anion structurbi-
ture Materials 2002, v. 1, no. 1, 49-53.

Konig L., Rabin I, Schultze W. and Ertl G. Chemiluminesm® in the
agglomeration of metal clusteiScience1996, v. 274, no. 5291, 1353—
1355.

levlev D., Rabin ., Schulze W. and Ertl G. Light emissiarthe ag-
glomeration of silver cluster€hem. Phys. Let2000, v. 328, 142-146.

Phillips K.J.H., Feldman U. and Landi E. Ultraviolet axi¢ay Spec-
troscopy of the Solar Atmosphere. Cambridge Universitys®r€am-
bridge, U.K., 2008.

Babcock H.W. The Paschen series of hydrogen line in teetispn of
the solar chromospherBub. Astron. Soc. Pacifid932, v. 44, no. 261,
323-324.

Becker R. Molecular hydrogen emission from star-fognmiegions in
the Large Magellanic Cloud:he Messanger1989, v. 56, 57-59.

Arimoto N., Sofue Y. and Tsujimoto T. CO-to,Honversion factor in
galaxies.Publ. Astron. Soc. Japai996, v. 48, 275-284.

Bolatto A.D., Wolfire M. and Leroy A.K. The CO-tosHconversion
factor. arXiv:1301.3498v2 [astro-phGA] (March 8, 2013).

Spinrad H. Observation of stellar molecular hydroggsirophys. J.
1966, v. 145, 195-205.

Jaeggli S.A., Lin H. and Uitenbroek H. On molecular hygno forma-
tion and the magnetohydrostatic equilibrium of sunspassrophys. J.
2012, v. 745, 133 (16pages).

Jordan C., Bueckner G.E., Bartoe J.D.F., Sandlin G.®Mamhoosier

M.E. Emission lines of K in the extreme-ultraviolet solar spectrum.
Astrophys. J.1978, v. 226, 687—-697.

Bartoe J.D.F., Brueckner G.E., Nicolas K.R., Sandlib.GVanhoosier
M.E. and Jordan C. pemission in the solar atmospheidon. Not.
Roy. Astron. Soc1979, v. 187, 463—-471.

Sandlin G.D., Bartoe J.D.F., Brueckner G.E., Touseyn& \Manhoosier
M.E. The high-resolution solar spectrum, 1175-1778&trophys. J.
Suppl. Ser.1986, v. 61, 801-898.

Innes D.E. SUMER-Hinode observations of microflareitation of
molecular hydrogenstron. Astrophys2008, v. 481, no. 1, L41-L44.

Przybilla N. and Butler K. The solar hydrogen spectrunmam-local
thermodynamic equilibriumAstrophys. J.2004, v. 610, L61-L64.

Robitaille P.M. Stellar opacity: The Achilles’ heel bt gaseous Sun.
Progr. Phys, 2011, v. 3, 93-99.

Unsold A.Uber die Struktur der Fraunhofersehen Linien und die quan-
titative Spektralanalyse der Sonnenatmosphaegtschrift fir Physik
1928, v. 46, no. 11-12, 765-781.

Wohl H. On molecules in sunspofolar Phys.1971, v. 16, 362—-372.

Pierre-Marie Robitaille. On the Nature of the Chromosphere



July, 2013

PROGRESS IN PHYSICS

Volume 3

57.

58.

59.

60.

61.

62.

63.

Sinha K. Molecules in the SuRroc. Astron. Soc. Australjd 991, v. 9,
32-36.

Olmsted C.M. Sun-spot bands which appear in the speatfiarcal-
cium arc burning in the presence of hydrogastrophys. J.1908, v. 27,
66-69.

Shaw B.L. Inorganic Hydrides. Pergamon Press, Oxf@671

Athay R.G. Line broadening in chromospheric spicukfestrophys. J.
1961, v. 134, 756—765.

Zirker J.B. The solar H and K lines of ionized calciuSolar Phys.
1968, v. 3, 164-180.

Gulyaev R.A. and Livshits M.A. Width of C#d line in spiculesSoviet
Astron, 1966, v. 9, no. 4, 661-663.

Robitaille P.M. On solar granulations, limb darkeniagd sunspots:

Brief insights in remembrance of Father Angelo SecBhmagr. Phys,
2011, v. 3, 79-88.

Pierre-Marie Robitaille. On the Nature of the Chromosphere

L21



