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Abstract

Theory and observations concerning the cosmic reionization epoch are brief-
ly discussed in the context of recent observations attributed to dark matter. A
case is made that cold ground state interstellar atomic hydrogen of average
density of about one atom per cubic centimeter (1.67 x 107 kg-m™ or 1.67 X
107** g-cm™) appears to be the most likely candidate to explain these observa-
tions.
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1. Introduction and Background

In May of 2019, I shared my C.G.S.1.S.A.H. theory of dark matter with colleagues
at the dark matter workshop sponsored by the World Science Festival. What
follows is a brief note concerning the new constraints on dark matter and a dis-
cussion of my conjecture and its observational predictions.

Convincing observational support for dark matter begins with the publication
by Rubin and Ford [1] concerning unexpected galactic rotation curves. These
observations, soon followed by others [2], provide strong support that an invisi-
ble (ie., “dark”) form of gravitationally attractive matter within the interstellar
vacuum is contributing to galaxies approximately 5 - 10 times the total mass of
the visible galactic matter (Ze., stars, warm molecular gas clouds, and dust). By
“invisible” it is meant that this matter is not emitting any detectable light.

It has subsequently become apparent that one can further observe the effect of
this dark matter by its gravitational lensing properties. By these observations,
there appears to be a roughly spherical cloud (Ze., a “halo”) of dark matter gas or
superfluid extending up to approximately 200 kpc from the observed galactic cen-

ters. Dark matter is also nearly collisionless due to a low scattering cross-section,
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as deduced from Tucker’s observations of the bullet cluster [3] and other collid-
ing galaxy clusters. Furthermore, the Planck Collaboration report [4] of the
cosmic microwave background (CMB) anisotropy indicates that dark matter was
present at the time of the recombination/decoupling epoch. It is even postulated
that dark matter has been the seeding structural scaffolding for the further for-
mation of galaxies, galaxy clusters and filaments in the subsequent evolution of
the universe.

In recent years, numerous theories and detection methods have been pro-
posed for dark matter with the above properties. While it is not within the scope
of this paper to review the many publications on this subject, three important
publications in 2018 and two important publications in 2019 deserve special
mention herein.

The first of these is Barkana’s review [5] of the reionization epoch (“cosmic
dawn”) 21-cm observations. These observations constrain dark matter to a very
slow-moving (ie., cold) particle with a mass-energy of no greater than 2 - 3
GeV. Furthermore, the graph on page 9 of the Barkana reference shows a very
tight correlation between a dark matter particle of about 0.938 GeV and the
minimum possible 21-cm brightness temperature 73, at redshift z = 17. Thus,
atomic hydrogen appears to be the only baryon not yet ruled out by these new
tight constraints.

The second reference of importance in 2018 is Posti and Helmi’s analysis [6]
of Gaia data extracted from a 20 kpc (65.2 thousand light-years) radius halo
sphere centered at the Milky Way center. From their analysis one can deduce the
ratio of dark matter to visible matter within this halo sphere to be approximately
1.37 to 0.54, or 2.54 to one. This ratio will be further addressed in the Results
section to follow.

The third reference of importance in 2018 is physicist Stacy McGaugh’s pub-
lication entitled, “Strong Hydrogen Absorption at Cosmic Dawn: The Signature
of a Baryonic Universe” [7]. One should carefully read the McGaugh reference
for the reasoning that the cosmic dawn observations fit best for baryonic dark
matter. Thus, nonbaryonic proposals for dark matter do not appear to be neces-
sary.

The first reference of importance in 2019 is the Read publication [8] which
provides support for “dark matter heating” within active galactic centers. This
process may explain why active galactic centers tend to have a somewhat shal-
lower dark matter core. Thus, dark matter heating may be an important variable
in understanding its perplexing spatial distribution, particularly with respect to
the dark matter “cusp-core problem.”

The second reference of importance in 2019 is the March online report [9] of
the Gaia-Hubble Collaboration. Here, for the first time, one can have confidence
that the “visible matter mass” of the Milky Way is approximately 250 billion
MO. Therefore, if one can assume that this visible matter mass is roughly con-
fined to within the 20 kpc Posti and Helmi radius halo sphere, their 2.54 ratio
would imply approximately 635 billion MO of dark matter within 20 kpc of the
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Milky Way center.

With all of the above observations concerning dark matter, one can now con-
struct the following table (Table 1) of these features with the relevant references
listed in the right-hand column.

Given these features characteristic of dark matter, it is useful to review what
observations suggest about the evolution of the universe since the recombina-
tion/decoupling epoch. During the adiabatic cooling period of the cosmic “dark
ages” the positive feedback of gravitational attraction is thought to have accen-
tuated the anisotropy we now observe in the cosmic microwave background
(CMB) by creating centripetal movements of the atomic hydrogen within the
denser regions of the CMB map. In contrast to these collapsing and swirling
clouds of the nascent stars and galaxies, the intervening atomic hydrogen within
the minimum density regions of the CMB map is thought to have been relatively
motionless (i.e., colder). With the continuing cosmic expansion, this intervening
atomic hydrogen, the primary matter in regions we now refer to as the interga-
lactic and interstellar vacuum, would have ultimately become so sparse as to be
nearly collisionless and predominantly confined to the ground state (except
where in close proximity to the nascent stars). At the beginning of the reioniza-
tion epoch (Ze, “cosmic dawn”) the Wouthuysen-Field effect of the Lyman-alpha
radiation of the first stars should have reduced the spin temperature T of
ground state interstellar atomic hydrogen to well below the CMB radiation tem-
perature Ty [10]. Such a temporary decoupling from the CMB radiation temper-
ature would have eventually resolved due to the increasing stellar black body
radiation closing out the cosmic dawn epoch.

Astrophysical observations of the 21-cm absorption line in the redshift zrange
corresponding (in standard cosmology) to approximately 110 - 250 million years
after the Big Bang show evidence of a process very much like this, as seen in
Figure 1 [11]. However, the conventional wisdom is that a mysterious nearly
collisionless non-baryonic cold dark matter must have also been present in the

interstellar vacuum, as a required intermediary in this process.

Table 1. Dark matter features and relevant references.

Dark Matter Features References

Cold (ie., low velocity) Barkana

No Emissions (7.e., dark) Rubin & Ford
Collisionless (i.e., low cross-section) Tucker

Baryon Expected McGaugh
Mass-Energy less than 3 GeV Barkana

Dark Matter My, 635 Billion MO Gaia/Posti & Helmi
Central DM Heating (“coring”) Read

CMB Decoupling at Dawn Astrobaki/McGaugh
Structural Scaffold Planck

Existence at CMB Emission Planck
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Figure 1. Radiation temperature (T}) and spin temperature (T;) vs time.

Unfortunately, the reasoning that such an intermediary nonbaryonic matter
was required for this process is also somewhat mysterious, because a temporary
decoupling from the CMB radiation temperature is to be expected in a purely
baryonic universe (see McGaugh [7]).

Perhaps the ongoing search for exotic dark matter also reflects a misunders-
tanding about the current abundance of cold ground state interstellar atomic
hydrogen in comparison to the constituents of the visible stars, warm molecular
gas clouds and dust in our galaxy. It should be remembered that ground state
interstellar atomic hydrogen coupled to the CMB radiation temperature (as was
also undoubtedly present in great abundance during the “dark ages”) is essen-
tially invisible to modern detectors, except where its characteristic 21-cm ab-
sorption line is “backlit” by distant starlight.

The Milky Way disc rotates with a period of approximately 250 million years
[12]. Based upon the Baryonic Tully-Fisher relation [13] and the March 2019
Gaia-Hubble Collaboration report, the sum total mass of the visible stars, warm
molecular gas clouds and dust in the Milky Way is reliably estimated to be 250
billion MO. And yet, the calculated amount of ground state interstellar atomic
hydrogen coupled to the CMB radiation temperature within a 20 kpc halo radius
of the Milky Way center actually dwarfs this total visible matter mass estimate
(see calculation below). This reflects the vastness of the interstellar vacuum in

comparison to the visible matter.

2. Results

Line-of-sight measurements of the hyperfine 21-cm absorption line (within the
light from distant stars of a known distance from the observer) allow one to es-
timate an average density of cold ground state interstellar atomic hydrogen of
approximately one atom/cm’ (or 1.67 x 107! kg-m™) [14] [15] [16].
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One can now use this knowledge in the context of Posti and Helmi’s recent
Gaia survey analysis of the Milky Way (see reference [6]). They report the ratio
of dark matter to visible matter within a 20 kpc spherical halo radius of the ga-
lactic center to be approximately 1.37 to 0.54. This simplifies to a ratio of ap-
proximately 2.54. If we assume the above current best estimate of the Milky Way
visible matter mass (250 billion MO is equal to 4.97 x 10* kg) and divide that by
the volume of a galactic halo sphere of 20 kpc radius (9.85 x 10 m’), the average
visible matter density within that galactic halo sphere is 5.05 x 107> kg-m>, ap-
proximately one-third of the above-mentioned average density of cold ground
state interstellar atomic hydrogen! Multiplying 1.67 x 10~*' kg-m™ by a 0.83 cor-
rection factor (for the expected slightly lower ground state atomic hydrogen
density in the halo sphere portion outside the galactic disk) times the 20 kpc ra-
dius galactic halo sphere volume gives an estimated mass of cold ground state
interstellar atomic hydrogen of 1.37 x 10* kg, in other words approximately 689
billion MO, within that sphere. The corresponding 2.76 ratio (from dividing 689
billion MO by 250 billion MO) is well within the margin of error of Posti and
Helmi’s observed ratio of dark matter to visible matter for the same 20 kpc ra-

dius galactic halo sphere.

3. Discussion

The calculations made in the Results section suggest the strong possibility that
cold ground state interstellar atomic hydrogen averaging approximately one
atom/cm’ is what we currently refer to as cold dark matter (CDM). The follow-
ing table (Table 2) compares the above-mentioned dark matter features with
sparse interstellar atomic hydrogen coupled to the CMB temperature.

The origin of the C.G.S.1.S.A.H. acronym becomes apparent by reading down
the letters in the right-hand column, which are abbreviations for the top five
rows of the table. The abbreviation W-F effect stands for the Wouthuysen-Field
effect on ground state neutral atomic hydrogen due to Lyman-alpha radiation

Table 2. Dark matter features vs. interstellar H features.

Dark Matter Features Interstellar H at 1 atom/cm? CDM
Cold (ie., low velocity) CMB Equilibrated C

No Emissions (i.e., dark) Ground State GS
Collisionless (Ze., low cross-section) Interstellar/Sparse IS
Baryon Expected Atomic Hydrogen A

Mass-Energy less than 3 GeV 0.938 GeV Neutral H
Dark Matter My, 635 Billion MO 689 Billion MO

Central DM Heating (“coring”) Loses Ground State

CMB Decoupling at Dawn W-F Effect
Structural Scaffold Most Abundant Atom
Existence at CMB Emission Most Abundant Atom
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beginning with the first starlight of cosmic dawn. There is a nice discussion of
this temporary CMB decoupling phenomenon in the AstroBaki reference. Ac-

<

cording to this reference, “...the W-F effect remains the dominant effect until
reionization is complete.” Once reionization was complete, the interstellar
atomic hydrogen presumably became once again coupled to the CMB tempera-
ture, which is assumed to be the case at present.

As for future observable consequences of my dark matter conjecture pre-
sented herein, one can point to the ongoing refinement of observational con-
straints on the mass-energy of the dark matter particle. The studies to date ap-
pear to eliminate any baryonic particle much greater than about 1 GeV (see
Barkana [5]). However, they do not yet exclude neutral atomic hydrogen, with
its mass-energy of 0.938 GeV. I predict that these constraints will further tighten
around a dark matter particle with a mass-energy of 0.938 GeV. Furthermore,
the sophisticated dark matter/baryon interaction simulations being conducted at
the Kavli Institute for Particle Astrophysics and Cosmology have not yet simu-
lated the dark matter candidate in these interactions as cold ground state inters-
tellar atomic hydrogen of average density of about 1.67 x 107 kg-m™ (1.67 X
107** g-cm™) (R. Wechsler, Director, per verbal communication with this author
on March 30, 2019). It is my prediction that such simulations will correlate
nicely with dark matter observations, even to the extent of simulating central
galactic coring (Z.e, relative dark matter depletion) due to “dark matter heating”
within active galactic centers (see Read [8]). Thus, the previously unexplained
galactic and peri-galactic dark matter spatial distribution may be best unders-
tood in terms of heating and other dynamic effects upon the distribution of cold

ground state interstellar atomic hydrogen.

4. Conclusion

For the above theoretical and observational considerations, the distinct possibil-
ity that the dark matter candidate could ultimately prove to be the ubiquitous
but incredibly sparse (and thus nearly collisionless) cold ground state interstellar

atomic hydrogen must be seriously entertained.
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