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Sunspots and faculae are related phenomena and constitute regions of elevated magnetic
field intensity on the surface of the Sun. These structures have been extensively studied
in the visible range. In this regard, it has been recognized that the intensity contrast of
faculae, relative to the photosphere, increases considerably as the line of observation
moves from the center to the limb of the Sun. Such center to limb variation (CLV)
suggests that the directional spectral emissivity of the faculae increases at the same
time that photospheric directional emissivity decreases.Since the directional spectral
emissivity of faculae increases towards the limb, these structures, along with sunspots,
provide strong evidence for metallic behavior at the level of the solar surface. This
further strengthens claims that the body of the Sun is not gaseous, but rather, comprised
of condensed matter.

1 Introduction

In his popular work,The Birth and Death of the Sun, George
Gamow justified the gaseous nature of the Sun as follows:
“ . . . at 6000 degrees all the materials from which a furnace
might be constructed, including even such refractory substan-
ces as platinum or carbon, will be not only melted but com-
pletely evaporated. No material can exist at these high tem-
peratures in a state other than gaseous, and this is exactly
what we find on the surface of the Sun, where all elements
are present in vapour form” [1, p. 4–5]. Several prominent
members of the astronomy community, by utilizing similar
logic, had previously laid the foundation for a gaseous Sun
in the mid-1800s [2]. The contention that the Sun was too
hot to be anything but gaseous would persist throughout the
20th century [3]. Conversely, experiments had long indicated
that the phases of matter did not depend solely on tempera-
ture, but on factors such as external pressure, internal atomic
composition, and the nature of the lattice adopted in the con-
densed phase. Yet, using a single justification, the possibility
that certain materials might exist in liquid form within the
Sun continued to be ignored. Gamow’s argument [1, p. 4–5]
would discount Wigner and Huntington’s 1935 proposal [4]
that metallic hydrogen, a material existing in the condensed
phase, could be created at elevated temperatures and pres-
sures [5–7].

2 Metallic hydrogen on the Sun

Liquid metallic hydrogen [4] is a particularly alluring sub-
stance relative to condensed solar models [5–7], especially
given the observation that the Sun appears to be primarily
composed of this element [8–11]. Although metallic hydro-
gen was first proposed nearly eighty years ago [4], it remains
an elusive material in the laboratory [5]. Some claims of
synthesis have received broad international acclaim [12, 13],
often followed, by controversy [14–17] and slow dismissal.

Others, such as claims that certain forms of metallic hydro-
gen can be produced in Rydberg matter, have received less
attention [18].

There has recently been a new flurry of activity in the
quest to produce metallic hydrogen [4] in the laboratory. In
November 2011, Mikhail Eremets and Ivan Troyan published
a provocative report inNature Materials[19] which strongly
suggested that metallic hydrogen had indeed been synthe-
sized for the first time on the Earth. Nonetheless, given the
nature of the quest for metallic hydrogen [5], it seemed cru-
cial that more evidence be acquired [20–22]. Perhaps this
time, the synthesis of metallic hydrogen will be affirmed [5].

Beyond metallic hydrogen itself, dense hydrogen could
play an important role in the Sun, since the photosphere ap-
pears to be less metallic in nature than sunspots [5]. The
author has advanced arguments that the photosphere adopts
a layered lattice resembling graphite (a Type-1 lattice [5]),
while the lattice in sunspots has more metallic character
(a Type 2 lattice [5]). This is presumably due to slightly
decreased inter-atomic distances within the layered lattice of
sunspots. It is noteworthy that a report has recently demon-
strated that dense hydrogen could adopt a graphene-like struc-
ture at 220 GPa and 300 K [23, 24]. The need for emitting a
thermal spectrum provides strong motivation for considering
graphite-like layered structures, which can lead to hydrogen
in the metallic state, within liquid models of the Sun [5].

3 A liquid Sun

The idea that the Sun could be liquid dates back at least to
the days of Gustav Kirchhoff [2] and Sir James Hopwood
Jeans was its last major scientific champion [3]. Jeans was a
distinguished physicist [25] and Physical Sciences Secretary
of the Royal Society from 1919 to 1929 [26]. He was also
Sir Arthur Eddington’s principle antagonist [3]. For much of
his scientific career, Jeans advanced that heavy metals such
as uranium comprised the building blocks for a liquid Sun,
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in opposition to Eddington’s gaseous models [3]. When the
Sun was determined to be principally composed of hydro-
gen [9–11], Jeans was left without a structural material. Ed-
dington’s gaseous Sun went on to be widely accepted by as-
tronomy. Neither Jeans nor Eddington had anticipated the
postulate that metallic hydrogen could be formed at elevated
pressures [4]. For his part, Jeans abandoned the liquid model
[3], apparently without sufficiently considering that the ob-
servational evidence for condensed matter might continue to
mount [5–7, 27–29]. At the time, he had elucidated only
fragmentary proof for a liquid state (see [3] and references
therein).

Today, not a single observational line of evidence sup-
ports the idea that the Sun is gaseous, as simple temperature
arguments are fallacious. Much of the scientific discussion
appears centered on endowing gaseous solar models with the
ability to behave as condensed matter (e.g. [30]). By dis-
missing the facts, the existence of the solar surface has been
discounted [3], precisely because the gaseous models have
no means of accounting for such a structure [29]. All struc-
tural features associated with solar activity (sunspots, faculae,
prominences, flares, spicules, etc. . . ) tend to be explainedus-
ing magnetic fields, as the only means to impart structural fea-
tures to a gaseous entity which, in reality, can support none.

In sharp contrast, observational facts point to a liquid Sun,
including more than one dozen proofs for a condensed mat-
ter [5–7, 27–29]. Though the most convincing line of evi-
dence for a liquid Sun will always remain the thermal appear-
ance of the photospheric spectrum in the visible range [27],
some may not be able to appreciate the power and sufficiency
of this proof. In part, this is due to the introduction of local
thermal equilibrium reasoning in solar science [30]. Local
thermal equilibrium has come to cloud the requirements for
producing a thermal spectrum and mask the need for con-
densed matter [30]. Nonetheless, the arguments which sup-
port a liquid Sun based on its thermal emission are definitive
[30–33]. Thermal evidence will always remain paramount,
because it points to the existence of lattice order on the sur-
face of the Sun [31]. Nothing further is required to demon-
strate the presence of condensed matter, as Kirchhoff himself
indirectly understood in the mid-1800s [2]. For those who re-
quire additional illustrations, sunspots and faculae provide an
interesting proving ground.

4 Directional spectral emissivity of sunspots and faculae

As key structural elements on the surface of the Sun, sunspots
and faculae provide solar physicists ample opportunity forob-
servation and discussion. In the days of Galileo and Scheiner,
even the association of sunspots with the solar body was cause
for extensive debate [34]. Since that time, sunspots and facu-
lae have come to reveal much about the Sun, despite the be-
lief that their visual appearance on the photosphere remains
an optical illusion in modern solar theory [29].

4.1 Sunspots

As early as 1774, Alexander Wilson [35] noted that sunspots
appeared as slight depressions relative to the solar surface.
Wilson reached this conclusion based on geometry [35]. Ac-
cepted solar models currently account for the visual depres-
sion of sunspots, or “Wilson effect”, using optical depth argu-
ments (e.g [36, p. 189–190] and [37, p. 46]). Such complexity
must be invoked because modern theories are built around a
gaseous solar body. Since these models have long deprived
the Sun of a true surface [2,29], they cannot rest upon geomet-
rical arguments to account for the Wilson effect [35] and must
have recourse to explanations based on optical depth (e.g [36,
p. 189–190] and [37, 46]). Conversely, the author has argued
in favor of an authentic solar surface, thereby directly chal-
lenging accepted models [29]. Hence, the Wilson effect [35],
one of the oldest and simplest sunspot observation, has pro-
vided a basis for questioning the established gaseous models
of the Sun.

Modern astrophysics has advanced an understanding of
sunspots which, on cursory examination at least, appears to
be complete. In reality, the true physical nature of these struc-
tures has remained elusive, despite our arsenal of data. Still,
much has been learned about sunspots. The Wilson effect was
established at the end of the 18th century [35]. Schwab dis-
covered the eleven year sunspot cycle in 1843 [38]. In the
same period, Carrington used sunspot observations and out-
lined the differential rotation of the Sun in great detail [39].

In 1908, George Ellery Hale discovered that sunspots are
regions of powerful magnetic activity [40]. The intensity of
magnetic fields at the center of sunspots has been determined
to be primarily vertical and known to increase in the dark nu-
clei of the umbra (e.g. [37, p. 75] and [41, p. 80]). Helioseis-
mic analysis of the Sun has revealed that sound waves travel
faster within sunspots relative to the photosphere [42,43]. All
of these phenomena are highly suggestive of increased den-
sity and metallicity within sunspots and have been utilizedto
support the idea that the Sun is condensed matter [28]. Strong
magnetic fields and the science of seismology are always as-
sociated with condensed matter, not the gaseous state of solar
models.

Sunspots have also been reported to have directional
emissivities that increase with angle of observation, as the
observer follows their movement towards the limb of the Sun
[41, p. 75–77]. One of the earliest reports of increased sun-
spot emissivity relative to the photosphere dates back to 1875
and Samuel Langley∗: “With larger images and an improved
instrument, I found that, in a complete ring of the solar sur-
face, the photosphere, still brilliant, gave near the limb ab-
solutely less heat than the umbra of the spots” [44, p. 748].
Edwin Frost would soon echo Langley: “A rather surprising
result of these observations was that spots are occasionally

∗Translations from French of Langley’s work [44] were executed by the
author, P. M. Robitaille.
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relatively warmer than the surrounding photosphere”
[45, p. 143].

Should the directional emissivity of sunspots truly in-
crease near the limb, such behavior would be highly support-
ive of metallic character [28]. Non-metals usually display
directional spectral emissivities that tend to decrease with in-
creasing angle of observation [46–48]. Metals often pos-
sess lower normal emissivities with respect to their direc-
tional spectral emissivities. The directional spectral emissiv-
ities of metals typically rise with increasing angle, then fall
precipitously with orthogonal viewing [46–48]. Thus, a care-
ful analysis of emissivities can provide important clues asto
whether sunspots (or faculae) are behaving as metals, poten-
tially generating strong evidence for condensed matter on the
surface of the Sun.

Truly gaseous objects should be devoid of emissivities
which are directionally dependent. Thus, the increased direc-
tional spectral emissivity in sunspots could only be explained
with extreme difficulty using gaseous solar models and often
attributed to the effect of “stray light” [41, p. 75–77]. Stray
light arguments have played an important role in the mod-
ern dismissal of increased emissivity in sunspots towards the
solar limb. Thus, despite 100 years of study, the exact direc-
tional emissivity within these objects remains an unresolved
issue in solar physics. The same cannot be said of facular
directional spectral emissivity.

4.2 Faculae

The directional spectral emissivity contrast of faculae, with
respect to the photosphere, has long been known. George
Ellery Hale wrote, relative to the emissivity of the faculae:
“The bright faculae, which rise above the photosphere, are
conspicuous when near the edge of the Sun, but practically in-
visible when they happen to lie near the center of the disk. . .”
[49, p. 85–86]. Hale later re-emphasized the changing emis-
sivity of the faculae as a function of position on the solar disk:
“Mention has already been made of the faculae, which are
simply regions in the photosphere that rise above the ordinary
level. Near the edge of the Sun, their summits lie above the
lower and denser part of that absorbing atmosphere which
so greatly reduced the Sun’s light near the limb, and in this
region the faculae may be seen visibly. At times they may be
traced to considerable distances from the limb, but as a rule
they are inconspicuous or wholly invisible towards the central
part of the solar disk” [49, p. 90].

In 1961, Rogerson presented an elegant summary of the
increase in facular directional emissivity observed near the
solar limb [50]. This work was complemented with theory
and a few photographs [50]. Rogerson noted that the con-
trast variation between the faculae and photosphere increased
to a maximum of about 64% near the very limb of the Sun
[50]. Today, the center to limb variation (CLV) of facular
emissivity is widely accepted and studied [51–54], as has the

grouping of faculae with sunspots (e.g. [55, p. 42–43] and [56,
p. 248–249]), and the identification of faculae as regions of
intense magnetic activity [57–59].

The association of bright faculae with sunspots can be
traced at least to the middle of the 19th century. According to
de la Rue and his team, in 1865: “It would thus appear as if
the luminous matter being thrown up into a region of greater
absolute velocity of rotation fell behind to the left; and we
have thus reason to suppose that the faculous matter which
accompanies a spot is abstracted from that very portion of
the Sun’s surface which contains the spot, and which has in
this manner been robbed of its luminosity” [60]. This direct
association of sunspot and facular matter has recently been
re-emphasized as a result of studying large flares on the solar
surface [61].

While faculae display CLV with respect to their spectral
emissivity, their emissivity contrast remains highly associated
with the magnetogram signal [59]. Facular contrast, after in-
creasing to a maximum nearµ = 0.2 (whereµ = cosθ and
θ is the heliocentric angle between the pixel of interest and
direction of the Earth;r, the distance from the disk center, is
given byr = Rsinθ, if R represents the solar radius) has been
observed to drop rapidly when moving even closer towards
the limb [52]. This finding [52] appears to be in agreement
with Spruit’s “hot wall” model of facular emissivity [62,63].

Spruit’s “hot wall” model stated that faculae appeared
darker when viewed directly from above because very lit-
tle of the “hot wall” was visible. As the faculae moved to-
wards the limb, the “hot wall” became increasingly visible
and, hence, the structures appeared bright. With increasing
distance towards the limb, the “hot wall” once again fell out
of the line of sight, being obscured by the trailing wall, and
the faculae once again appeared darker (see [53] for addi-
tional detail). Others have reported that facular contrastcon-
tinues to increase towards the limb (e.g. [51]). This behav-
ior would be more consistent with the “hot cloud” model
[50, 64, 65]wherein the faculae are viewed as floating above
the photosphere [53]. Today, Spruit’s “hot wall” model has
gained almost universal acceptance, as more in accordance
with observation (e.g. [66,67]).

Alternatively, it is herein proposed that the directional
spectral emissivity observed in faculae constitutes one ofthe
most elegant proofs that the Sun is comprised of condensed
matter. The reasoning remains that advanced in section 3.1
(see also [28]), with the important distinction that the direc-
tional spectral emissivity changes in faculae, unlike sunspots,
are uncontested [51–54, 57–59, 66, 67]. Moreover, the obser-
vation that directional spectral emissivity contrast in faculae
increase towards the limb, before rapidly subsiding at the very
edge of the Sun [52], strongly supports metallic behavior in
these structures [28,46–48].

On the Earth, the existence of directional spectral emis-
sivity in condensed matter has been established [46–48, 68].
Materials display emissivities which always manifest their
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atomic nature and structure, in addition to the temperature
of observation [46–48,68]. Every material possesses a unique
signature and this constitutes a powerful lesson from the study
of condensed matter [46–48,68].

The idea that faculae are condensed matter based on di-
rectional emissivities also gains support from the realization
that these objects, like sunspots, are regions of intense mag-
netic activity [57–59]. The ideal means of accounting for
this activity remains the invocation of conduction bands. A
solar body which is comprised of liquid metallic hydrogen
and adopts a layered graphite-like lattice presents a wonderful
material to account both for the directional spectral emissivi-
ties of faculae and the associated high magnetic field [5, 28].
While condensed matter can easily support such fields, there
remains no evidence on the Earth that gases, in isolation,
can generate powerful magnetic fields. While it is true that
gaseous plasmas respond to the presence of magnetic fields,
they certainly do not possess the required structure to create
such phenomena.

5 Conclusion

Despite the wide acceptance of Spruit’s “hot wall” model of
facular emissivity [62] numerous problems exist with such
approaches.

First, modern models of solar emissivity are fundamen-
tally dependent on elemental and ionic opacities within the
Sun. However, the solar spectrum cannot be generated using
the sum of individual opacities. The author has designated
solar opacity as the Achilles’ heel of the gaseous solar mod-
els [30]. It is not reasonable to account for solar emission
with phenomena which cannot explain the simple emissivity
found on the Earth within graphite [30].

Second, a discussion of facular emissivity often focuses
on local thermal equilibrium (LTE) arguments (e.g. [66]) and
such arguments are not applicable to the Sun [30]. The Sun
operates well outside the confines of local thermal equilib-
rium and Milne’s argument in support of such a regimen [69–
72] leads to conduction, not equilibrium [30].

Third, the assignment of temperatures, based on emissiv-
ities on the solar surface, constitutes a direct violation of the
principles associated with thermal emission [30–33], as has
been highlighted by Max Planck himself [73,§101] and dis-
cussed in detail [74].

Finally, the idea that a fully gaseous object can support
structure remains contrary to the known principles of physics.
Objects such as “walls”, even when only considering emis-
sivity, require condensed matter. They cannot be mimicked
by gases with densities approaching that of the best vacuums
achievable on the Earth [27].

In modern solar theory, sunspots are thought to be dark,
as the magnetic fields they contain prevent hot gases from ris-
ing from the interior of the Sun (e.g. [75]). Conversely, the
brightness of faculae are explained when magnetic fields di-

lute the solar material beneath them and causes the light to
escape more easily. These explanations constitute stark con-
trasts with one another, while at the same time discounting
much of what is known on the Earth relative to thermal emis-
sivity. The fact remains that gases are unable to emit photons
in a directionally dependent manner. Astrophysical explana-
tions relative to the causes of directional emissivity, as related
to photospheric limb darkening, solar granulations, sunspots,
and faculae, with their reliance on “optical depth” and “solar
opacities”, remain at a serious disadvantage, relative to solar
models based on condensed matter [27–30].

Irrespective of the mathematical elegance associated with
modern solar models, there is no observational support that
the body of the Sun is a gas. Given the nature of the so-
lar spectrum, seismic activity, and the presence of structural
entities such as sunspots, prominences, and faculae, modern
theory must constantly resort to mathematical arguments, or
the presence of magnetic fields, in order to endow a gaseous
Sun with the properties of condensed matter [8–10]. In real-
ity, while the corona displays features consistent with gaseous
plasma, the photosphere, with its sunspots, faculae, and erup-
tive prominences, strongly manifests the condensed natureof
the solar body. The idea that solar temperatures forbid the
formation of condensed matter in the Sun ignores the reality
that the phases of matter are not solely determined by tem-
perature, but are a manifestation of many factors, including
pressure of formation and the internal physical propertiesof
materials [5–7].

Currently, numerous lines of evidence strongly support
the condensed nature of the Sun. These include:

1) the continuous nature of the thermal spectrum [6, 27–
30],

2) photospheric limb darkening [27,28],

3) the absence of solar collapse [5,6,27],

4) a solar density (1.4 g/cm3) consistent with a hydrogen
lattice [6,27],

5) the presence of seismic activity [6,27],

6) the behavior of mass displacement on the solar surface
[6,27],

7) the chromosphere and critical opalescence [27],

8) the existence of solar oblateness [6,27],

9) the extensive surface activity [6,27,28],

10) the orthogonal nature of photospheric/coronal
flows [27],

11) the ability to image the solar surface [6,27–29],

12) the presence of a powerful solar dynamo [27],

13) the nature and behavior of sunspots, including the Wil-
son effect [27,28], and

14) the structure and dynamic evolution of solar granula-
tion [28].
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Each of these phenomena can be readily incorporated into a
condensed model of the Sun. Conversely, gases can neither
support nor act as structural entities. A striking example rel-
ative to thermal emission and the solar opacity problem in
gaseous models has been addressed in detail [30].

In this work, a fifteenth line of evidence for the condensed
nature of the Sun is presented:

15) the directional spectral emissivity of faculae. Emis-
sivity fundamentally reflects a “Planckian proof” or a
“thermal proof” for condensed matter. Along with
1) the thermal appearence of the solar spectrum,
2) the limb darkening of the photosphere, 3) the di-
rectional spectral emissivity of sunspots, and 4) the di-
rectional spectral emissivity of granulations [28], the
emissivity of faculae constitutes one of the most pow-
erful lines of evidence that the Sun is condensed matter.
It therefore represents the fifth thermal proof for con-
densed matter on the surface of the Sun.

It remains highly likely that the Planckian proofs consti-
tute direct physical evidence for a solar lattice [31]. Through
the study of directional spectral emissivity, they argue for
metallicity both within sunspots and faculae. Such metallicity
represents a manifestation of the lattice and the conduction
bands which it supports. The Planckian proofs also remind
us of the need to properly address and understand complex
emission mechanisms. Driven by a desire to better compre-
hend the solar spectrum, perhaps someday, the physics com-
munity, at last, will link thermal emission to a unique physical
process as the author has suggested [31–33]. In so doing, con-
densed matter and theoretical physicists will finally conclude
the work initiated, but left unfinished, by Max Planck [73].

Dedication

The work is dedicated to Professor Manuel Tzagournis, Se-
nior Vice-President for Health Science and Dean of the Col-
lege of Medicine (Emeritus) at The Ohio State University for
the faith he placed in realizing the dreams and hopes of a
young assistant professor.
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