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Abstract There is a puzzling astrophysical result concerning ttestaitbservation of the absorption profile
of the redshifted radio line 21 cm from the early Universedascribed in Bowman et al.). The amplitude
of the profile was more than a factor of two greater than thgelstrpredictions. This could mean that the
primordial hydrogen gas was much cooler than expected. Soplanations in the literature suggested
a possible cooling of baryons either by unspecified darkengarticles or by some exotic dark matter
particles with a charge a million times smaller than theteteccharge. Other explanations required an ad-
ditional radio background. In the present paper, we ernteatpossible different explanation for the above
puzzling observational result: the explanation is basetheralternative kind of hydrogen atoms (AKHA),
whose existence was previously demonstrated theorstiealwell as by the analysis of atomic experi-
ments. Namely, the AKHA are expected to decouple from thengosicrowave background (CMB) much
earlier (in the course of the Universe expansion) than usyddogen atoms, so that the AKHA temperature
is significantly lower than that of usual hydrogen atomssT8g@ems to lower the excitation (spin) temper-
ature of the hyperfine doublet (responsible for the 21 cm) kodficiently enough for explaining the above
puzzling observational result. This possible explanatippears to be more specific and natural than the
previous possible explanations. Further observation@ies of the redshifted 21 cm radio line from the
early Universe could help to verify which explanation is thest relevant.
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1 INTRODUCTION Hills et al. (2018) expressed concerns about some as-
pects of the data processing by Bowman et al. (2018a),

] ) ) ) though it was admitted by Hills et al. (2018) that their anal-
A puzzling observational result was published in Nature b3§/sis does not prove that the feature identified by Bowman

Bowman e_t al. (2018a). The authors observed the 21 CBt al. (2018a) is absent. In response, Bowman et al. (2018b)
line (redshifted from the rest frequency of 1.240MHZ o pointed out that they conducted tests indicating the record
the frequency of 78 MHz) from the early Universe. Theyed absorption signal was indeed astronomical (rather than

observed the absorption profile of this line: namely, as hy:,1ied to the data processing). Bowman et al. (2018b) also

drogen atoms absorb photons frqm the cgsmic microv.vav\%rote that they have data that exclude some of the alterna-
background (CMB). The underlying physical mechanlsmtive signal models proposed by Hills et al. (2018).
was the modified excitation of the hydrogen 21 cm hy-

perfine structure line due to the ultraviolet light from s- Several astrophysical explanations of the result by
tars formed in the early Universe that is expected to peneBowman et al. (2018a) were proposed in the literature. The
trate the primordial hydrogen gas. The puzzling result byfirst proposition was presented by Barkana (2018). He sug-
Bowman et al. (2018a) was that the amplitude of the progested that the additional cooling of the hydrogen gas was
file was more than a factor of two greater than the largestiue to collisions with some kind of dark matter. According

predictions. This could mean that the primordigdirogen  to Barkana (2018), these dark matter particles must be
gas was much cooler than expected, as noted by Bowman lighter than 4.3 GeV (meaning that they could have, e.g.,
et al. (2018a). baryonic mass). Within the range of “lighter than 4.3 GeV”
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Barkana did not provide any specificity about the dark matthe operators of the orbital angular momentum and spin,
ter he resorted to. respectively;Ls denotes the dot product (also known as
Feng & Holder (2018) proposed that the results bythe scalar product) of the latter two operators. Eigenvalue
Bowman et al. (2018a) could be explained by a higla-  of the operatorgs and.J? are connected as follows: =
dio background supplementing the CMB as the illuminat=+(;j + 1/2).
ing backdrop. Ewall-Wice et al. (2018) suggested that the  Hydrogen atoms in the stationary states have the fol-
additional radio background could arise from accretion onfowing well-known energies.
to growing black holes.
For completeness we note that Barkana’'s suggestion F, = mc? |1 + a2/[N + (k2 _ a2)1/2]2 B
(Barkana 2018) was criticized by Mirocha & Furlanetto
(2019). They wrote that a weakly charged dark matter parwhereNN is the radial quantum number. For the ground s-
ticle (capable of cooling the baryons through Rutherfordate, the quantum numbeisandk have the following val-
scattering) cannot account for the signal observed bwes.
Bowman et al. (2018a) without causing tension elsewhere. N=0k=-1, 3)
For example, Mufioz & Loeb (2018) estimated that if there
is a charged dark matter particle, it can only constitute’®
~10 percent or less of all of the dark matter. Mufioz &

Loeb (2018) suggested that the results by Bowman et akor hydrogen atoms, the radial patty(r) of the coor-
(2018a) could be explained if less than one per cent oflinate wave functions exhibits the following behavior at
the dark matter has a mini-charge, a million times smallsmallr (see, e.g., the textbook by Rose 1961)

er than the electron charge, and a mass in the range of 1—

100 times the electron mass. However, in fairmessit should Ryk(r) o 1/7'7%, s =+£(k* —a®)/2.  (5)

be clarified that Barkana (2018) himself asserted that the _

subcase of weakly charged dark matter should probably bFeOr the ground state, Equation (5) reduces to

ruled out. Instead, Barkqna_(2018) _assumed some kind of Ro_1(r) o 1/r%, q=1+(1— a2)1/2' 6)
non-standard Coulomb-like interaction between dark mat-

ter particles and baryons that does not depend on whether |n Oks (2001), it was shown that, with allowance for
the baryons are free or bound within atdms the finite size of a proton, both the regular exterior sohutio
In the present paper, we suggest a possible alterngorrespondingtq = 1 — (1 — ®)!/2 and the singular ex-
tive explanation for the puzzling observational resultiiro  terjor solutions corresponding to= 1 + (1—a2)Y/2 are
Bowman et al. (2018a). It is based on the results of oulegitimate for the ground st&eThe corresponding deriva-
previous paper (Oks 2001). tion in Oks (2001) was baseahly on the fact that in the

ground state the eigenvalue of the operdtois £ = —1.
2 BRIEF DESCRIPTION OF THE ALTERNATIVE Therefore, actually the corresponding derivation from Oks

KIND OF HYDROGEN ATOMS (AKHA) AND OF  (2001) is valid not just for the ground state, but for any

EXPERIMENTAL EVIDENCE FOR THEIR state of hydrogenic atoms/ions characterized by the quan-
EXISTENCE tum numberk = —1. Those areS-states [ = 0), specif-

. 5 . .
In this section, we briefly summarize the results of OksICaIIy S1/2 _states. So, both the Qrigglar exterlor solution
. . . —corresponding tgy = 1 — (1 — ?)'/? and the singular
(2001). Solutions to the Dirac equation for an electron mexteriorsolution correspondin 1t (1— a)/2 are
a Coulomb field are common eigenfunctions of four oper- P gto=1-+(1-0a")

ators (as is well known — see, e.g., the textbook by ROSIeg|t|mate not only for the ground staté&ll/g, but also for

5 .
1961) — the Hamiltoniari, the projection/. of the total t2 e states 25,5, 3253, and soon, 1.e., fqr the states
51,2 wheren = N+|k| = N+1is the principal quantum

angular momentum, the square of the total angular momen- . .
9 . number ¢ = 1,2, 3, ....). Both the regular exterior solution
tum J< and the following operator

corresponding tqg = 1 — (1 — o?)!'/2 and the singular ex-
K =p3(2Ls+1). (1) terior solution corresponding tp= 1 + (1 — a?)1/2 are

) . o legitimate also for thé = 0 states of the continuous spec-
Herej is the Dirac matrix with rank four, whose nonzero ¢,

elementsarg;; = 820 = 1,833 = B = —1; L ands are

1/2

, )

that
Eo,—1=mc*(1 - a?)"/2 (4)

2 Here and below, by “singular” we mean the strongly-singsielu-

1 Our paper should not be construed as a criticism of the Barkan tion of the Dirac equation for the Coulomb field - in distimti to the
(2018) paper: we greatly appreciate his paper and apply somerical commonly accepted “regular” solutions that have a weakuargy at
estimates from it. the origin.
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These theoretical results led to the possible existenclyperfine structure sublevels of the ground state facilitat
of an alternative kind of hydrogen atoms (AKHA), cor- ed by the absorption and the subsequent reemission of a
responding to the singular solution outside the proton. Iphoton of the Lyman series — mostly thed_photon.
should be emphasized thary n-state of the AKHA and The coupling coefficients in Equation (7) are as fol-
the corresponding n-state of the usual hydrogen atoms d- lows
iffer by the wave functions, but not by the energy, that is to
say the energy is the same. Yo = C10Ts/(A10TK), YLy = ProTs/(A10TLy). (8)
Moreover, Oks (2001) also presented the first experi-

mental evidence for the existence of AKHA. Namely, for Here C10(Tx) is the collisional de-excitation rate of the

many decades there was a long-standing mystery about tﬁ%plet hyperfine sublevel (labeled 1) to the singlet hyper-

huge discrepancy between the experimental and previoﬂj'@e sublevel (labeled O}, = 0.068K, Ao is the cor-

theoretical results concerning the high-energy tail of the(espondlng Einstein coefficient arflo is the direct de-

linear momentum distribution in the ground state of hydro-exc'tatIon rate of sublevel 1 due to absorption of axly

gen atoms. Previous theories predicted the tail to scale Witphoton followed by the decay to sublevel 0. i )
the linear momentum as~ 1/p6, while the correspond- Bowman et al. (2018a) noted that the most intensive

ing experiments yielded the scaling-of1 /p*, with a val- observed absorption signal corresponded to the redshift

ue ofk close to 4. It was demonstrated in Oks (2001) that~17- Since the CMB temperatureTgs = 2'725_(1 +
z) K, then atz~17 there wad v =~ 49 K. According to

the allowance for AKHA eliminates this huge discrepancy.
fandard cosmology, atz17 there wad'x ~ 7K, as not-

Thus, there were already both theoretical and experiment§ o
evidence for the existence of AKHA ed by Barkana (2018). However, for explaining the anoma-

lous brightness of the absorption signal observed in 2018
by Bowman et al. (while the spin temperatufe is giv-
en by Eq. (7)), the gas kinetic temperatUre should not
exceed.1 K, as also noted by Barkana (2018).

Our alternative explanation for the puzzling observa-

The possible existence of AKHA could provide an alterna-tional result from Bowman et al. (2018a) is the following.
tive explanation for the puzzling observational resultiro  Letus follow the logic of Barkana (2018), but with the sub-
Bowman et al. (2018a). Bowman et al. (2018a) observedtitution of an unspecified type of dark matter by AKHA.
that the amplitude of the profile was more than a factor of ~ Distinct from usual hydrogen atoms, AKHA do not
two greater than the largest predictions, meaning that thBave excited discrete states that can be coupled to the

expected. | have two hyperfine sublevels in the ground state corre-

The intensity of the observable 21 cm line from theSponding to the same 21 cm wavelength like usual hydro-
early Universe is given as the brightness temperafyre 9€N atoms.) This affects the spin temperatiireas fol-
which is a linear combination of the CMB temperature!0Ws. The AKHA decouple from the CMEarlier than
Tears and the spin temperatu@ (with the latter being usual hydrogen atoms. Indeed, the AKHA decouple from
the excitation temperature of the hyperfine transition). e CMB when, in the course of the Universe expansion,

The standard expression for the spin temperature, 48€ CMB temperature drops to the vallievs,4 = aUi,
presented, e.g., in Field (1958) (see also, e.g., paper %here U, is the ionization potential of all kinds of hy-

- ici -1.5
Zaldarriaga et al. 2004 and review by Furlanetto et aldrogen atoms and is a coefficient of the ordet0 _
20086) is the following (whose exact value is immaterial for the present reasoning

because it will cancel out); the additional subscripof
Ts = (Tems + yeTx + Yy Tiy)/ (1 + ye + yry).  (7) Tcwms,a stands for AKHA. By contrast, the usual hydro-
gen atoms decouple from the CMB Btvp,u = aFa,
Here the 24 term in the numerator relates to the collision- where Ey, = 3U, /4 is the energy difference between the
al excitation of the hyperfine transition, which couplgs first excited and ground states; the additional subséfipt
to the gas kinetic temperatufé, with y. being the corre- of Tcyp,y stands for usual hydrogen atoms. To visualize:
sponding coupling coefficient. Thé®term in the numera- as the CMB temperature drops frdfans, 4 10 TomB,u,
tor relates to the Wouthuysen-Field effett;, is the color  the CMB can still radiatively couple numerous discrete ex-
temperature of the radiation field in the Lyman series andatited states of usual hydrogen atoms to the ground state
yLy IS the corresponding coupling coefficient. Physically,and then alcmp < Temp,u there are no more excited
the Wouthuysen-Field effect is the transition between thestates to be radiatively coupled to the ground state. For the

3 POSSIBLE ALTERNATIVE EXPLANATION FOR
THE PUZZLING OBSERVATION OF THE 21 CM
RADIO LINE FROM THE EARLY UNIVERSE
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AKHA already atTcvp < Towms, 4, there are no discrete whereny andn 4 are the corresponding number densities,
excited states that can be coupled to the ground state via; and p4 are the corresponding mass densities, is
electric dipole radiation. Obviousl{cmp,v/TemB.a = the mean molecular mass of the (usual) neutral primor-
Ey/U; = 3/4. dial gas andm 4 is the atomic hydrogen mass:(y =

Let us denote by the value of the expansion param- 0.939 GeV). By using the same numerical values as em-
etera of the Universe at the AKHA decoupling from the ployed by Barkana (2018) (see, e.g., Eq. (3) from his pa-
CMB, i.e., atTcup a(a1) = aU;. Obviously, the kinetic  per), Equation (11) can be represented in the form

as temperaturé of AKHA at ¢ = a; is equal to
g P K.4(01) ¢ = miseq [+ (3/4)(6 GeV) /]

TCMB,A(al), SO thaﬂ”KyA(al) = aU;. T o =~ Tr. ,
Let us denote by, the value of the expansion pa- [1+(6GeV)/ma] (12)
rameter of the Universe at the decoupling of usual hydro- ~ 0.79Tk.v,

gen atoms from the CMB, i.e., 8icmp,u(az) = aFo.

Obviously, the kinetic gas temperatufg 7 (a2) of usual i .
hydrogen atoms at = as is equal toTcas 4 (az), SO that Consequently, with the allowance for possible AKHA,
Ty a(az) = aBsy. ' at the redshift: ~ 17, the effective kinetic gas tempera-

As the AKHA decouple from the CMB, their ki- ture would be lower th_an the lowest possiblg kinetic gas
temperaturd’x iy ~ 7K in the standard scenario. Namely,

1/a? (assuming an adiabatic expansion for simplici-It WO_Uld beTxk.enr ~ 0.79Tk.v ~ 5.5K._Th|s tempera-
ty), so thatTx 4=C/a2, where C is some coefficien- ture is much closer to the threshold estimated-as.1 K

t. Therefore Ty 4(az)/Txk.a(a1)=(a1/az)?. As for the (requir?d for explaining the ot?servations by Bowman. etal.
2018ain the standard scenario) than ~ 7K. In detalil,
while Tk v = 7K exceeded 5.1 K by more than 37%, the
effective temperaturé’x .¢ ~ 5.5K only exceeds 5.1K
by less than 8%, which is within the margin of error for the
estimated value df'x cf.

with the ratiop4 /pu being~ 5.

netic gas temperaturd’x 4 evolves proportionally to

CMB temperature, it evolves proportionallyt@a, so that
TCMB((IQ)/TCMB(al)=a1/a2. Consequently, by utilizing
reIationSTK,A(a1)=TCMB (al) andTK7U(a2)=TCMB (ag),
for the ratioT'x 4(az)/Tk v (az) one obtains

Tx. a(a2)/Ti.v(az) = Tk a(az)/Toms(az) Thus, lowering the kinetic gas temperature to the ef-
fective value of0.797x iy seems to be sufficient for ex-
= [Tk ala2)/ Tk a(ar)][T ar)/T a KU
Tre.a( 22)/ o] [Tenn(a1)/ Tovn(a2)] plaining the observations by Bowman et al. (2018a).
= (a1/a2)(az/a1)
= /e, 9 4 CONCLUSIONS
~ Sinceas /az = Tems(az)/Tovs(ar) = E21 /Ui, the et us clarify upfront that this paper is not intended as a
final result for the above ratio is search for additional (astrophysical) evidence for the-exi

tence of AKHA — there is already experimental evidence
for their existence based on the analysis of atomic exper-
iments (as briefly described in the above Sect. 2 and p-

Thus, atz = a9, the AKHA fluid is colder than the flu- ; - i )
id of usual hydrogen atoms. At some> ay, the two fluids resented in detail in Oks 2001). Instead, in this paper we
’ explored a “what if” scenario: what if in place of some

come to thermal equilibrium with each other (due to the s- o
cattering of usual hydrogen atoms with AKHA), so thatunspecmed dark matter resorted to by Barkana (2018) for

their effective (final) kinetic temperature is as follcws explaining the observations by Bowman et al. (2018a), one

TK7A(a2)/TK7U(a2) = Egl/Ui = 3/4 (10)

would consider AKHA.
T et = (Trunu + Ti.ana)/(ny +na) We showed that in this scenario the possible presence
= (Tx.y + T ana/nu)/(1 +na/ny) of AKHA would lower the kinetic gas temperature to some

T4 (3/4 1 (11) effective value. This seems to be sufficient for explain-
= Tiul+ (3/4)na/nul/ (1 +na/m) ing the puzzling observational results by Bowman et al.

~ Thw [1+ 3/4)(pa/pu)pv /ma] (2018a).

)
[1+ (pa/pu)pu/ma This explanation seems to be more specific and natu-
3 Because the AKHA have onl§-states and thé&-states are meta- ral than. gdoptlng a p053|ble. cooling _Of baryons either by
stable, a significant share of the AKHA are in the excitédb, /, states, unspecified dark matter particles, as in Barkana (2018), or
possibly including» >> 1 (in distinction to the usual hydrogen atoms). py some exotic dark matter particles with charge a mil-
Since the characteristic size of these states scales ag, so that the . . . o
lion times smaller than the electron charge, as in Mufioz &

collisional cross-section scales asn?, then for the AKHA, collisions ) )
are much stronger than for the usual hydrogen atoms. Loeb (2018). Also, our explanation does not require an ad-
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ditional radio background as suggested by Feng & HoldefFeng, C., & Holder, G. 2018, ApJ, 858, L17
(2018) and by Ewall-Wice et al. (2018). Field, G. B. 1958, Proceedings of the IRE, 46, 240
Further observational studies of the redshifted 21 cmfFurlanetto, S. R., Oh, S. P., & Briggs, F. H. 2006, Phys. Rep.,
radio line from the early Universe could help to discern 433,181
which explanation is the most relevé_nt Hills, R., Kulkarni, G., Meerburg, P. D., & Puchwein, E. 2018
Nature, 564, E32
Mirocha, J., & Furlanetto, S. R. 2019, MNRAS, 483, 1980
Mufoz, J., & Loeb, A. 2018, Nature, 557, 684
Oks, E. 2001, Journal of Physics B: Atomic Molecular and
Optical Physics, 34, 2235
' Pritchard, J. R., & Loeb, A. 2012, Reports on Progress in iehys
75, 086901
"Rose, M. 1961, Relativistic Electron Theory (Wiley: New Kpr
Zaldarriaga, M., Furlanetto, S. R., & Hernquist, L. 2004,JAp
608, 622
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