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The extension of the Standard Model by assuming U(1)g; gauge symmetry is very well motivated since
it naturally explains the presence of heavy right-handed neutrinos required to account for the small active
neutrino masses via the seesaw mechanism and thermal leptogenesis. Traditionally, we introduce three
right-handed neutrinos to cancel the [U(1)g_ |* anomaly. However, it suffices to introduce two heavy right-
handed neutrinos for these purposes and therefore we can replace one right-handed neutrino by new chiral
fermions to cancel the U(1)g_; gauge anomaly. Then, one of the chiral fermions can naturally play a role of
a dark matter candidate. In this paper, we demonstrate how this framework produces a dark matter
candidate which can address the so-called “core-cusp problem”. As one of the small-scale problems that the
A cold dark matter paradigm encounters, it may imply an important clue for the nature of dark matter. One
of resolutions among many is hypothesizing that sub-keV fermion dark matter halos in dwarf spheroidal
galaxies are in a (quasi) degenerate configuration. We show how the degenerate sub-keV fermion dark
matter candidate can be nonthermally originated in our model and thus can be consistent with the Lyman-a
forest observation. Thereby, the small neutrino mass, baryon asymmetry, and the sub-keV dark matter

become consequences of the broken B-L gauge symmetry.
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I. INTRODUCTION

Despite various evidences for the presence of dark matter
(DM), DM’s nature has not been uncovered yet. The central
questions in regard to DM concerns a mass of DM, what non-
gravitational interaction DM does, and its stability. Answers to
these questions are considered essential factors in under-
standing not only a history and structure of the Universe in
cosmology, but also a bigger and more fundamental picture
lying behind the Standard Model (SM) in particle physics.
Seen from the perspective of this kind, DM related observa-
tional anomalies reported in the study of cosmology and
astrophysics could serve as a critical hint for physics beyond
the Standard Model (BSM) although it is not necessary.

With that being said, a well-known discrepancy between
what has been expected based on a standard hypothesis of the
cold dark matter (CDM) and what are observed regarding the
small-scale structure (galactic or subgalactic scale) may
deserve attention from a well-motivated BSM physics.
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Cuspy halo profiles of dwarf galaxies predicted by N-body
simulations equipped with CDM [1-3] are at odds with the
cored halo profiles implied by stellar kinematic data of low
mass galaxies [4-8], which might be signaling a nature of DM
deviating from collisionless and cold aspects. Along with “the
missing satellite problem” [9,10] and the “too-big-to-fail
problem” [11], this so-called “core-cusp problem” [12] is
challenging for the most popular and robust CDM framework
in spite of the success it has achieved thus far in accounting for
the large scale structure of the Universe and evolution thereof.

Relying on predicted phenomenological consequences
arising from a specific mass or nongravitational inter-
action that DM enjoys, several alternative frameworks
to CDM have been suggested so far in an effort to
address the core-cusp problem (and other small-scale
issues as well). These include warm dark matter (WDM)1

'Warm dark matter is assuming a DM particle characterized
by a small enough mass to produce a free-streaming length of
O(0.1) Mpc and also by nonzero velocity dispersion. This feature
enables WDM to erase density perturbations for the scale smaller
than its free-streaming length, and thereby suppression of the
matter power spectrum on the small scale and of the formation of
sub-halos is induced in comparison to the CDM case [13-18]. As
for the core size of a dwarf galaxy, WDM N-body simulations
were conducted to study how the primordial velocity dispersion of
WDM affects the inner structure of DM halo in [19,20]. In
particular, sub-keV WDM is shown to produce the halo core size
of O(100) pc for a typical sub-halo mass of the Milky Way
whereas WDM with 1-2 keV mass does the core of 10-50 pc [20].

Published by the American Physical Society


https://orcid.org/0000-0001-8515-5586
https://orcid.org/0000-0001-9856-1882
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.102.035022&domain=pdf&date_stamp=2020-08-21
https://doi.org/10.1103/PhysRevD.102.035022
https://doi.org/10.1103/PhysRevD.102.035022
https://doi.org/10.1103/PhysRevD.102.035022
https://doi.org/10.1103/PhysRevD.102.035022
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

CHOI, SUZUKI, and YANAGIDA

PHYS. REV. D 102, 035022 (2020)

[13,14,21], ultralight bosonic DM [22—24],2 and self-
interacting DM? [27].

Another interesting possibility of DM resulting in a
cored halo profile in a low mass galaxy is the fermion DM
in the quantum degenerate limit. Along the similar line, the
hypothesis of the fermion DM as the self-gravitating
(quasi) degenerate gas was invoked in [28-32] to explain
the kinematics of dwarf spheroidal galaxies (dSphs). The
fitting procedures for the kinematic data (stellar velocity
dispersion and halo radius of dSphs) yielded a sub-keV
mass regime as the possible fermion DM mass (see also
Refs. [33-36] for more studies about sub-keV fermion
DM). Because of this, sub-keV fermion DM can serve as a
class of a solution to the core-cusp problem if it resides in
dSphs nowadays with sufficiently low temperature so as to
sit in the (quasi) degenerate state. This sub-keV mass
regime encounters a severe constraint from the Lyman-a
forest (see, e.g., [37-39]), but the solution can still be viable
provided that the sub-keV fermion DM is nonthermally
originated and the free-streaming length of DM is not too
large to be consistent with constraints derived from the
Lyman-a flux power spectrum. The free-streaming (FS)
length range 0.3 Mpc < Agg < 0.5 Mpc of DM would be
of interest since it can be consistent with the nonvanishing
matter power spectrum at large scales and avoid too many
satellites of the Milky Way sized halo [14,28,40,41].

Given the problem and one of the answers to it described
above, the next question naturally thrown from the particle
physics side could be probably whether a well-motivated
extension of the SM can accommodate such a sub-keV
degenerate fermion WDM. In this work, we give our
special attention to an extension of the SM with a gauged
U(1)g, symmetry. On top of SM particle contents, in its
minimal form, the model contains two heavy right-handed
neutrinos (N i=12) and a complex scalar (®) for breaking
U(1)g. By means of this basic setting, the model is
expected to accomplish the successful explanation for the
small neutrino masses via a seesaw mechanism [42—-44] and
the baryon asymmetry via the thermal leptogenesis [45].
Now, for the purpose of making the theory anomaly free
and accommodating a nonthermal sub-keV fermion DM
candidate, more chiral fermions are added to the model.
The similar framework was studied in Refs. [46-48] under
the name “Number Theory Dark Matter”.

Beginning with the minimal set of new U(1)g charged
particle contents relative to the SM, we shall search for all

*The quantum pressure of the ultralight bosonic dark matter
supported by Heisenberg’s uncertainty principle can help the self-
gravitating system achieve stability against gravitational collapse.

“The self-interaction helps efficient heat conduction from the
outer more energetic DM particles to the inner colder ones, which
leads to the redistribution of energy and angular momentum of
DM particles. Consequently, as was shown in relevant simula-
tions [25,26], the central halo becomes less dense compared to
the CDM case and a cored halo profile forms accordingly.

the possible sub-keV fermion DM production mechanisms
and check consistency with the Lyman-a forest observa-
tion. We gradually move to the next minimal scenario
whenever an inconsistency is detected. Finally, we arrive at
scenarios where multiple fundamental questions of small
neutrino masses, baryon asymmetry, and DM resolving a
small scale could be dealt with at once. We shall test
consistency with Lyman-a forest data by computing the
free-streaming length of DM and constructing a map
between the thermal WDM mass and our sub-keV fermion
DM mass. As an additional consistency check, we compute
ANBBN contributed by the sub-keV fermion DM and
“would-be” temperature today of the DM candidate.

II. MODEL

As the starting point of the task to extend the SM in a
minimal way, we introduce a gauged U(1)g,; symmetry.
As the most elegant way of explaining the small neutrino
masses, the seesaw mechanism predicts the presence of
heavy right-handed neutrinos [42—44]. The advantage of
extending the gauge symmetry group of the SM by
including the gauged U(1)g lies in precisely this point.
The theory can be naturally rendered gauge anomaly free
when there exist three right-handed neutrinos with the
opposite lepton number to that of active neutrinos. The
other remarkable consequence that immediately follows
here is that the presence of the heavy right-handed
neutrinos can help us understand the imbalance between
baryon and antibaryon abundance. Induced by the out-of-
equilibrium decay of the right-handed neutrino, the pri-
mordial lepton asymmetry can be converted into baryon
asymmetry by sphaleron transition [45].

Motivated by these attractive aspects, we consider a
variant of the SM with the gauge symmetry group Gyayee =
SU(3), x SU(2), x U(1)y x U(1)g.. Concerning the par-
ticle contents of the model, we begin with SM particle
contents plus only two right-handed neutrinos, which is the
most economical addition for the seesaw mechanism and
the successful thermal leptogenesis [49]. In addition, we
introduce one complex scalar to the model of which the
vacuum expectation value (VEV) causes the spontaneous
breaking of U(1)g . Via the Majorana Yukawa coupling,
the complex scalar imposes masses to the two right-handed
neutrinos on U(1)g breaking. Of course, one is naturally
tempted to make an introduction of three right-handed
neutrinos at the moment since it can satisfy the anomaly-
free condition of U(1)g,; and simultaneously may be able
to explain DM by taking the lightest right-handed neutrino
(sterile neutrino) as a candidate of the dark matter.*
However, there is no natural and convincing reason for
such a large mass disparity between the first two and the

4Indeed, this scheme has been discussed in many literatures
(see, e.g., [50-52])
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TABLEI. U(1)g charge assignment to the SM lepton SU(2),
doublets and singlets, two right-handed neutrino Weyl fields
(N(=12)) and the new complex scalar (®_,). The superscript and
subscript are denoting the generation and U(1)g, -charge,
respectively.

L) L@ 1O e x e ND O NO @,
Opr -1 -1 =1 41 +1 +1 +1 +1 =2

last right-handed neutrinos. Therefore, assuming only two
right-handed neutrinos for the seesaw mechanism and the
thermal leptogenesis, we need to find another way to
accommodate the DM candidate in the model. For this
purpose, recalling the necessity for making the model
U(1)g anomaly free is of a great help. What could help
to render U(1)g; anomaly free on behalf of the third right-
handed neutrino? Looking at the anomaly-free condition
for U(1)p, given in Eq. (1) below,’

2 (061 =03 Op1i=0, (1)

1

where the sum is over fermions charged under U(1)g; , and
referring to Table I, one comes to realize that a new set of
fermions to be added to the model should satisfy

z:(QB-L,j)3 =+1, ZQB—L,}‘ =+1, (2)

1

where the sum is over a new set of fermions. Here, the
solutions including vectorlike fermions are out of our
interest. Probing the cases to meet the two conditions in
Eq. (2) simultaneously leads us to the conclusion that
minimum number of the new chiral fermions to be added is
four.® In effect, the similar logic was studied in [46,47] and
diverse combinations of possible Qg values were found
there. Given many options, for our work, we choose Qg1
assignments shown in Table II for the new chiral fermions.

Now the U(1)g, charge assignment given in Tables I
and II leads to the following renormalizable Yukawa
couplings between ®_, and the fermions in the model
charged under U(1)g :

3
1 o
Ly = ZEyN,ijq)—2N(l>N(l) + 1 PLw oy
i=2

+ 2Py _sy; + Hee. (3)

>The first one is for the cancellation of the U(1)}; anomaly
and the second one is for the cancellation of the gravitational
U(1)gy X [gravity]> anomaly. The anomalies of U(1)g; X
[SM gauge interactions]? are canceled by the quark-sector con-
tributions.

Because of the Fermat’s theorem, solutions with two addi-
tional Weyl fields do not exist. Solutions with three extra Weyl
fields always contain two vectorlike fermions.

TABLE II. U(l)g, charge assignment to the new chiral
fermions to be added to the model. The subscript is denoting
the U(1)g charge assigned to each.

Y9 Vs Y7 Ys
Op.L -9 -5 +7 +8

Once U(1)g is spontaneously broken by the acquisition of
the VEV ((®_,) = V) of ®_,, there arise mass eigen-
states y7, y and & with

P T L W R
Vi +3 Vi +3

¢ 2 V-9 TR - Vs
VTt VT

Here y and y form a Dirac fermion Wy = (y, w?)T with a

mass my, ~ +/yi + y3VpL. ¥ and & are assigned effective
U(1)g, charges

(4)

-5 2_9 2
Q}(: V2 yl’ Q§

=51 -9y3
yi+y3 '

5
i+ )

Interestingly, yg is never mixed with other fermions in
the model because the Qg ’s of both yg and ®_, are even
while those of other fermions are odd. This makes U(1)g .
broken down to the residual Z5 under which all fermions
except for yg are odd. Thus, yg is perfectly stable. In
accordance with this observation, we take yg as the DM
candidate in our model. We attribute the stability of DM to
even Qg of wg from now on. yg obtains its mass via a
higher dimensional operator

K D_,\8 Ver \*
_M -l = = — V,
) P(MP) Yss = Mpy = K X (1015 Gov/) ©

(6)

where k is a dimensionless coefficient. Here we see that the
U(1), breaking scale directly determines the DM mass.’
To estimate the mass of £, we can try to figure out the
smallest mass eigenvalue in terms of Vg /Mp by writing
down the 4 x 4 mass matrix for the fermion field vector
F= (w_o,w_s, w7, N (D) formed by not only renormaliz-
able, but also higher dimensional operators consistent with
assumed symmetries. Particularly, owing to the terms®

"In this work, we assume a sufficient suppression of another
higher dimensional operator of the form ~®%,® /M3 so that
Vie=0 can be realized when m%G > (0 is chosen. This
assumption makes mpy, totally determined by Vg .

*We omit the dimensionless coefficients for the notational
simplicity.
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IR _
L=®_ ,NINGO + Af w_sNO, (7)
P
the mass of £ is given by
7 VB—L 3

Interestingly, we obtained the small mass of the dark
matter in the sub-keV regime,

mpy = 03 keV, (9)

for Vg ~2 x 10> GeV owing to its B — L charge. Then,
mg becomes as large as ~O(10”) GeV.

III. SUB-keV FERMION DARK MATTER
PRODUCTION FROM SCATTERING OF SM
PARTICLES?: MAYBE NOT

In the previous section, we discussed a well-motivated
minimal extension of the SM in which sub-keV fermion
DM may arise. As was pointed out in the Introduction, we
go through the procedure to check cosmological history
and the free-streaming length of the DM candidate in the
model in order to see whether the minimal model is good
enough to be consistent with cosmological constraints
including Lyman-« forest data. If not, we would gradually
move to a next-to-minimal model by enlarging particle
contents. From this place, since we are interested in the sub-
keV DM mass regime, we assume Vg =~ (2—3)x
10" GeV based on Eq. (6), which is also consistent with
the observed neutrino masses.

In the minimal model, the only particle that is commu-
nicating with g at the renormalizable level is the U(1)g .
gauge boson (A)). Thus, the only way for g to be
produced is pair production resulting from scattering
among the SM particles via the virtual U(1)g; gauge
boson exchange.9 The corresponding Feynman diagram is
shown in Fig. 1. This production, however, should proceed
with T(SM + SM — wg + yg) < H at the reheating era.
Otherwise, g is thermalized by the SM thermal bath to
become the thermal WDM which cannot have a sub-keV
mass regime. Thus, we require

5 2 4 1/3
thsth:}TRHs h ~ 10 GeV.
Vi~ Mp Mp

(10)

This way of nonthermal production of the DM pair is similar
to the production mechanism of DM discussed in
Refs. [46,52,53]. Particularly for the relevant Boltzmann equation
solution, we refer the readers to [53].

fm DM (¢s)
’
Au
fsm DM(¥s)
FIG. 1. DM (yg) production from s-channel SM fermion

scattering via the U(1)p gauge boson A} exchange.

For this production route, which is most efficient at the
reheating era, with the assumption that yyg is identified as
the sole DM component today, the DM number density to
entropy density ratio reads [52]

9\
~63x 107
* <100>

YDM:

pm - nfSMF/H
SsMm SsM

T=Try

VeL - Tru 3
1
x (3 x 1015 GeV) (1013 Gev) (1)

where n; ~ T3 is the SM fermion number density, I' =
ny (ov) is the interaction rate for scattering among SM
fermions, g, is the effective number of relativistic degrees
of freedom, and sqy; = 27%¢,T> /45 is the entropy density.
We assume the mass of A is greater than a reheating
temperature so that A, is never present in the SM thermal
bath. Now the use of Eq. (11) and Ypy = npm/Ssm =
4.07 x 107 x (mpy/1 keV)~! along with Eq. (6) above
yields'”

305 1053 o ()P (_Tra \7((mow \ 72 L
’ — \ 100 1013 GeV 1 keV N3

(13)

In other words, for a given mpy;, the Try required for the
production of the correct amount of DM abundance today
via scattering among SM fermions must be

2/ m -1/6 /1\ 1/6
Tep ~ 64 x 1013 x (I DM 2) 7 Gev.
Ri =042 T (100) (1 keV p ¢

(14)

From Qpypo = 0.24, Hy =70 km/ sec /Mpc and sspyo =
2.945 x 107! eV3 (entropy density today), DM abundance
YpMm = npm/ssum 1S expressed in terms of DM mass as

_ npm 4 mpy | 7!
YoMy=— 407 x 107" x (| ——— | , 12
PV o (1 keV) (12)

at DM production time.
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For g, ~ 100, mpy ~ O(100) eV and k ~ O(1), Try in
Eq. (14) reads ~O(10"3) GeV. Provided that the right
amount of DM is produced at the reheating era with this
reheating temperature, we also expect the production of &
via the similar SM scattering with the production ratio

F(SM+SM—é+¢) 0F <—5y%—9y§)2
[(SM +SM — yg +ws) O \ 81 +8y3 )~

43

(15)

On production, we anticipate that £ completes decaying
to the SM Higgs and lepton before the electroweak (EW)
symmetry breaking time is reached and so it is cosmo-
logically harmless (for details, see Appendix A). Because
of the small interaction rate, yg starts free-streaming since
production near the reheating era. The free-streaming
length must be checked to be at least smaller than
0.5 Mpc. This is for avoiding too much suppression of
the matter power spectrum on small scales inconsistent
with observation.
The free-streaming length of DM is computed by

dps = [to (vpm(?)) dr

a
P

1 1
B Lp HO Qrad,O + agm,O
<pDM(ap)>ap

VUpoulay))ay)? + miya®

da  (16)

where 7, and a,, are the time and the scale factor at which
DM starts free streaming, (vpy(?)) is the average velocity
of the dark matter at the time 7, and (ppy(a,)) is the DM
momentum at 7,. Qp,q0 and Q,, o denote the radiation and
matter density parameters, respectively. Even if g does not
form a dark thermal bath, its momentum distribution is
expected to be similar to the thermal distribution since it is
produced from the scattering of SM fermions which are in
the thermal bath. The average momentum of the DM is
estimated as

<pDM(ap)> 2 3.15 X Try, (17)

where a, = agy ~ (107" GeV)/Tgy is the time of the
onset of the DM free streaming.'' The factor 3.15 applies
for the typical thermal distribution of fermions. Using
Eq. (17), the estimation of Agg for even mpy = 1 keV
yields 1.25 Mpc. The smaller DM mass corresponds to the
longer Agg than this. This estimation concludes that the
minimal scenario cannot produce a degenerate sub-keV

"Here we use apw(apy) = agnTry With agy ~ 107" and

fermion DM candidate for explaining the cored DM
profiles for dSphs.

Then, what is another way that could be considered to
produce sub-keV fermion DM with a shorter free-streaming
length? We notice that decreasing Try cannot shorten Agg
in Eq. (16) as long as Try 2 10 MeV where 10 MeV is the
lower bound of Try from the big bang nucleosynthesis
(BBN). On the other hand, because yg cannot be coupled to
any particle in the model other than the U(1)g; gauge
boson at the renormalizable level,'* no other DM produc-
tion mechanism can be envisioned in the minimal model.
Hence, we cannot help but conclude that Agg cannot be
shortened unless another DM production mechanism is
considered by modifying the minimal model.

Therefore, we conclude that yg produced from the SM
particle scattering cannot be a candidate for the degenerate
sub-keV DM to resolve the core-cusp problem. Now the
whole of reasoning we followed in Sec. III necessitates
searching for a new way of producing DM which we
discuss in the next section.

IV. SUB-keV FERMION DM FROM
INFLATON DECAY

As a next step, let us consider the DM production from
the inflaton decay. yg can be coupled to the inflaton via

D i
L~ M_PWSO-MDﬂWSv (18)

where @; is the inflaton field and is assumed to be a gauge
singlet and Lorentz scalar from here on. If the mass of the
B-L gauge boson, mpg, is larger than the inflaton mass,
i.e., mpgy > my, the decay rate of the process ®; — wg +

wy + B-Lcharged particles (X) is
mj

T(®; — yg +yl+ X) ~ :
MEVi,

(19)

To explain the current abundance of the dark matter, one
requires

TRHmI 4 mpm -1
f 0 1kevV) ° (20)

where Br is the branching ratio of ®; — g + q/§ + X to
the inflaton decay rate."” The reheating temperature is

“Note that g cannot have a renormalizable coupling to a
gauge singlet inflaton that satisfies gauge and Lorentz invariance
all together.

PFor the third relation, the branching ratio is determined to
provide the current dark matter density [refer to the discussion
around Eq. (31)].
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0.2 0.4 0.6 0.8 1.0
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FIG. 2. Theratio of a reheating temperature (Try) to an inflaton
mass (m;) that results in DM’s free-streaming length 0.3 Mpc <
Aps < 0.5 Mpc when DM is directly produced from the inflaton
decay.

TRH ~ 1O4m1

5
ny Mpm

—_— . 21

MpVi, <1 keV) 1)
To avoid the dominant production from the SM thermal
bath (the case discussed in Sec. III), Ty < 10" GeV is
required. In addition, the ratio of a reheating temperature
(Trp) to an inflaton mass (m;) that results in DM’s free-
streaming length 0.3 Mpc < Agg < 0.5 Mpc is O(0.1)-O(1)
as can be seen in Fig. 2 when DM is directly produced from
the inflaton decay with (ppy(a,)) = m;/2 and a, = agy.

However, this ratio from Eq. (21) for Ty < 1013 GeV
leads to

TRy < my, (22)
which is inconsistent with Fig. 2. Thus, this possibility is

out of our interest.
On the other hand, for mp < m,, the decay rate is

m 2
T(®; = wy +wy +AL) ~ gaymy <M—1> . (23)
P

where gg1 denotes the B-L gauge coupling. To explain the
dark matter density, we require

2 Trumy [ m -1
2 mr\ 10-4 ZRH DM 24
9B-LM <MP> M, (1 keV) . (24

This leads to

m m
Ty ~ 10*gg  m; (M—;> (1 12&/)' (25)

Similar to Eq. (21), Eq. (25) gives rise to

Try < my, (26)

which is inconsistent with Fig. 2. Thus, this possibility is
also out of our interest."*

Therefore, we need to extend the minimal model to
have the degenerate fermion DM. As we will explain in
detail, one simple possibility is to introduce a complex
scalar field ©4 with Qp_; = 16. This scalar field couples to
DM through

L=y Dwsys, (27)

where y, is a dimensionless coupling."
The renormalizable scalar sector potential we consider in
the following reads'®

A6
Vscalar = +m%6|(b16|2 + 4% |¢)16|4 + gq>I|(I)l6|2

+ V(®;) + V(H), (28)

where m 4 is a parameter with a mass dimension, 14 is a
dimensionless coupling, g is a parameter with a mass
dimension, and V(®;) and V(H) are the potentials for
inflaton and the SM Higgs doublet. We take (®4) = 0 in
the vacuum, assuming the @ has a positive mass squared,
m? > 0. This makes Eq. (6) intact."” In Sec. IV, we assume
that the Hubble induced mass squared for the @4 is
positive so that @4 sits near the origin of the field space
during and in the end of inflation.

"“Along with Eq. (26), a too large a mass value itself for the
inflaton also makes yg production from the inflaton decay with
mp, < m; not viable. From Fig. 2 and mp; < m;, we obtain
mpy, < my ~ (O(0.1) — O(1))Tgy to have a degenerate fermion
DM. If A}, produced from the process ®; — wg + yg + A), joins
the SM thermal bath, g would do so as well via the inverse decay
process of A}, and becomes the thermal WDM. Thus, we demand
(A}, = ws + W;) < H for Tgy~mgy. In conjunction with
Eq. (25) and the condition nz; ~ (O(0.1)-O(1))Try, this require-
ment gives m; ~ O(10'3)-O(10'%) GeV of which a correspond-
ing inflation model is difficult to find.

Similar to g, ®;¢ could be produced from SM particle
scattering as long as Ty is large enough. The relevant diagram
would be the one in Fig. 1 with yg replaced by @ 4. For this route,
due to Qg ratio, we expect four times more production of ®@¢
than that of yg. This case is also out of our interest because a
significant amount of DM (~25%) would travel too large a free-
streaming length as shown above using Egs. (16) and (17).

For the purpose of preventing @4 from being thermalized
by any particle, we assume sufficiently suppressed renormaliz-
able mixing of ®, with other scalars like ~(H™H)|d|?,
~|D_,)?|®@6|* and ~|®,;[*|®@ 4> which are allowed by sym-
metries in the model. See Appendix. B for more discussion about
the Higgs portal couplings.

For the case where m%é < 0 to induce a nonzero VEV of @,
we find that one needs to focus on a large enough value of Vg,
otherwise the phase component of @4 and yg can easily join the
dark thermal bath at the reheating era. This precludes our goal of
producing the nonthermally originated ywg as the WDM candi-
date. Thus, we restrict ourselves to the case with V¢ =0 by
choosing mfﬁ > 0.
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Now @4 may be produced from the inflaton decay at the
reheating era via the decay operator ~g®,;|®¢4|? if m; >
2m e holds. In this section, we attend to the @4 particle
produced in this manner. We are aiming to show that such a
@ could be a mother particle producing sub-keV fermion
DM (yg) consistent with the Lyman-a forest observation.
Depending on a value of 1;4, we have two different
scenarios. We explore a case where a dark sector thermal
bath forms in Sec. IVA and the other case where a dark
sector thermal bath never forms in Sec. IV B.

A. The case with formation of dark sector thermal bath

In this section, we consider the case in which a dark
thermal bath purely made up of @ forms when ®¢ is
produced from the inflaton decay. When 4,5 # O holds,
from the comparison

T2
P Tp 2= H = Wiy 2 Tow (29)

where T, is the temperature in the dark sector, we realize
that it is easy for a dark thermal bath made up of @ to
form as long as the quartic interaction (4;¢) of @4 is not too
small. Here x = T/ Ty is a fraction of order O(0.1) to be
determined by DM relic density matching. We define
the branching ratio Br to satisfy n;q = Br x n; ~ Br x
(psm/m;)" where n¢ and n; are the number density of
@4 and inflaton (®;), respectively. We assume p; =~ pgy at
the reheating era. From the number density comparison, we
obtain the relation between dark sector temperature and SM
sector temperature

/3
TD(aRH) ~52 % Bl‘l/3 X ZRH

1/3
my

“1/3
~0.34 x (1"11?&]) X Tru.  (32)

where we used gp(ary) = 2 and ggv(agry) = 106.75. The
second equality is coming from Eq. (31). The ratio of
Tp/Tgy remains the same until @4 decays to a DM
pair. We note that Br is lower bounded as Br = (2.7 x
10~*(mpy/1 keV)~1)2. This constraint is derived from the

"®This relation 1,5 ~ Br x (pgy/m;) can be used to derive the
relation between m;, Try and Br. Using the approximation
2n4 . = npy at production time, one obtains

You = bmo 2ny,,

~2Br PM L (30)
SSM0  SSM | 7=Tgy MSSM | T=Tgy,
Using Egs. (12) and (30), one obtains
T -1
BroRH 027 x 1074 x (DM ) (31)
my 1 keV

16 DM
~ ‘ -
DM
- - r - B
D6 DM

FIG. 3. The scattering among two ®¢’s to produce a pair of
DM via the t-channel DM exchange.

condition that @4 never gets into the SM thermal bath by
the decay and the inverse decay process of ®; <> ® ¢ + Dj,
and the requirement of obtaining the correct DM density
[see Eq. 31)1."”

Concretely, we consider a scenario in which @4
becomes nonrelativistic in the dark thermal bath before
the time of I'(®,4 — wyg + wg) ~ H is reached. Afterwards,
nonrelativistic @4 decays to the DM pair when the time of
['(®5 = wg + wg) ~ H is reached. The similar scenario
was considered in [48,54]. We argue that DM does not exist
at the reheating era and is produced only from the decay of
® . To this end, we define T'gy; ; (T ;) to be the SM (dark)
thermal bath temperature at which I'; ~ H holds. For @4 +
@, scattering to produce DM + DM and vice versa via the
t-channel DM exchange shown in Fig. 3, the interaction
rate reads

m -1/3
[y yiTp. Tevy =034 x <1 l?el\il) X yiMp,

—2/3
Tp =034 x <lmk%> x yiMp, (33)

where y, is Yukawa between @4 and DM. For @4 decay
to DM + DM, the decay rate (when m s > Tpg) is given by

2

y* y*
I ﬁg—mm, Tsmo =73 VmigMp,

T

m -1/3 Vs
TD,Z ~0.34 x (1 kDel\i]> X g \/ m16MP, (34)

where m ¢ is the mass of ®q4.
To realize the scenario as we wish, we need to demand

myg > TD.2 and myg > TD,I' (35)

From the first inequality in Eq. (35), we obtain

"The condition is Br x T%y,/Mp < m3/M p where the process
®; — @5 + D, is ineffective until the inflaton becomes non-
relativistic and disappears.

035022-7



CHOI, SUZUKI, and YANAGIDA

PHYS. REV. D 102, 035022 (2020)

mMpm 13 mie
L < 147 — =V, max- 36
Ve S x (1 keV) \/ Mp Y, ( )

From the second inequality in Eq. (35), we obtain

Mpp 1/6 Mg 1/4
<17 M) " 37
Ve s X(l keV) (MP) (37)

In addition, requiring that DMs do not form a thermal bath
via their self-interaction through @4 exchanges after its
production

4
F:nDMy—ESH ata = a, (38)
Mig

leads to the condition

Mg\ 310 [ mpy \ /3
< (Zus . 39
Ve~ (Mp> 1 keV (39)

Thus, we can see that for m < 10'* GeV, Egs. (37) and
(39) are satisfied as long as Eq. (36) is so. Together with
myg, y, is treated as a free parameter as far as y, <y, max 1S
satisfied. The smaller y, becomes, the later the time of the
onset of the free streaming of DM. Given a fixed initial
momentum (ppy(ags)) = myg/2, the larger apg implies a
larger (ppm(a > ags)) for a fixed scale factor a > agg. In
light of the fact that the late universe contribution to Agg is
greater than the earlier one, we are led to speculate that for
the same (mq, mpy), the smaller y, would lead to the
larger Agg and hence be a more stringent constraint on mpy.

To constrain the model, we consider the free-streaming
length criterion 0.3 Mpc < Agg < 0.5 Mpc. Following
Eq. (16), the free-streaming length of DM produced from
a nonrelativistic ®@q is

Aps = /’” (vom (1)) d

a

P

1 1
- \/a,, HO Qrad,() + agm,O
<pDM(ap)>ap

da
V (pomla,))a,)? + mya®

_ /1 1 m16ap
a, Hon/Qraa0 + Qo

da,

(myga,)? + 4mpya*

(40)

where (ppw(aps)) =~ m /2 was used with a,, ~ ags. Here,
a, and agg are the scale factors at which the production of
DM and the free streaming of DM take place, respectively.
Using Eq. (34), a,, can be computed via

1r \ ==== 0.5Mpc<Agg
\\ = 0.3Mpc<Ars<0.5Mpc
0.50 | ‘\ Ars<0.3Mpc
)
Q.
=
?
<
010
0.05
0.2 0.4 0.6 0.8 1.0

mpm(keV)

FIG. 4. Dark matter mass (mpy) vs free-streaming length (Agg).
For this plot, y, = y, max in Eq. (36) is assumed. For each mpy,
the smaller y, yields the larger Agg.

1071 GeV 5 x 107" GeV
yvmieMp

For a fixed (114, Mpm)s Y« max 1N Eq. (36) is determined,
defining an allowed range of y, < y, na.x. Within the range,
the smaller y, results in the longer Agg since the free-
streaming is delayed with the same initial momentum
(ppm(ags)) =~ mg/2. This means that for each set of
(M6, Mppm), Vi = Yimax 10 Eq. (41) yields the smallest
Aps value. On the other hand, for y, = y, ..«, we notice that
Aps in Eq. (40) becomes independent of m;4 since m;qa,, is
so. Thus, we realize that for y, = ¥, n.x. Aps 1S minimized
for each mpy; whatever mq is. In Fig. 4, we show Agg
computed with y, = y, .« for the dark matter mass range
0.1 keV < mpy <1 keV. For a smaller y, choice, the
curve in Fig. 4 would move upward. Without going through
the further study with y, smaller than y, ., we restrict
ourselves to the case with y, = y, 1, as an example, but
the logic presented below can be also applied to other
values of (y,,m;¢) for the consistency check.

Starting with the momentum =~m,s/2 at a = agpg, the
sub-keV DM we discuss here is still relativistic at the BBN
era with the momentum ~O(1) MeV. As such, the sub-
keV DM serves as an extra radiation during the BBN era
and therefore its contribution to ANBEN needs to be
checked to be consistent with the known constraint. For
each mpy;, we computed ANBEN contributed by DM at the
BBN era and found that the model with y, = y, . 1S
consistent with ANBEN <0.114 (95% C.L.) recently
reported in [55]. For the computation of ANBEN contributed
by DM, we refer the readers to Appendix C. As the final
consistency check, we estimated the would-be temperature
today (Tpy o) for wg based on Eq. (E2) which reads

a

(41)

p =~ dpg = TSM2

. -5/3
Tomo =34 x 107 x <%> K, (42)
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where we used y, = ¥, . i Eq. (36) and agg in Eq. (41).
We presented a brief explanation as to the necessary
condition for fermion DM to be in a degenerate configu-
ration in Appendix E. For mpy; of our interest, we see that
Tomo < Tpeg = O(107%) K — O(1073) K. This confirms
that the current temperature of the DM becomes low
enough to accomplish the degenerate configuration when
the structure formation is ignored.

We notice that y, can be constrained by ANBEN, which
we do not explore in detail. Intriguingly, for y, = y, ..., the
criterion 0.3 Mpc < Apg < 0.5 Mpc gives the mass con-
straint 0.25 keV < mpy < 0.37 keV, which lies in the
range of the degenerate fermion DM mass accounting
for the cored DM profiles of dSphs in Refs. [28-31].
Another choice of y, <y, nax Will make 0.3 Mpc < Apg <
0.5 Mpc correspond to a larger mpy; range.

Additionally, we also discuss the constraint on the mass
of our DM candidate (yg) mapped from a conservative
lower bound for the mass of the thermal WDM, i.e.,
1.9 keV (95% C.L.), recently reported in [56]. We make
a detailed discussion about how the mapping can be
achieved in Appendix D. Here we directly construct the
map based on Eq. (D3). We begin by equating the warm-
ness parameters for yg (6,,,) and the thermal WDM (6,4,)

T
_ ~ Vs o~ wdm
Oy, = Owdm < Oy, = Owdm ’ (43)
My Mydm

where m and T denote a mass and temperature, and & is
defined in Eq. (D2). As a particle produced from the decay
of a nonrelativistic mother particle, yyg is characterized by
the momentum space distribution function f(gq,t) =
(B/q) exp(—q?*) where f is a normalization factor and g =
p/T is used [57-61]. This gives us &,,, ~ 1. On the other
hand, since mq > mpy, is assumed, DM temperature at the
matter-radiation equality can be written as

M |6drs _ m,, "3
Tll/s(aeq) = Teq =0.17 x 1077 keV x <1 keSV)

X (1 + zeq). (44)

with apg defined in Eq. (41). Finally, by using 6,4, = 3.6
for the thermal WDM and T\ygm(deq) = Twam0/deq in
Eq. (D4), we obtain the map

.~ 0.2 X Mygp. (45)

v,
Applying the conservative constraint mgg, > 1.9 keV
[56], we obtain m,, 2 0.4 keV. This result may seem a
tension with mpy required for a degenerate fermion DM in
[28,29]. However, indeed there exist some uncertainties in
the velocity anisotropy parameter used for the fitting of the
stellar velocity dispersion, the lower bound of the Fornax
dSphs halo radius, and the baryon’s effect on the DM halo

profile. Also, still for some dSphs other than Fornax, the
best fitting for the stellar velocity dispersion is done by
mpy as large as 550-650 eV [30]. Here, without perform-
ing a detailed fitting analysis to infer the degenerate
fermion DM mass, we take a conservative attitude to
understand 100 eV <mpy <1 keV as the interesting
range relating to the degenerate fermion DM solution to
the core-cusp problem.

B. The case without formation of dark
sector thermal bath

For the case where @4 does have a tiny or vanishing
quartic interaction, ®,4 would not form a dark thermal bath
as far as the Yukawa interaction where g is sufficiently
small. Since production from the inflaton decay, it would
continue to free stream until it decays to a pair of 5. Note
that this early free streaming of @4 is not problematic at
all for the small-scale perturbations since the early time
free-streaming length is negligibly small. With this picture
in mind, in this section, we study the possibility of having a
degenerate fermion DM arising from the decay of a free
nonrelativistic scalar @ ;4. We explore the parameter space
of the model where the free-streaming length of g
becomes consistent with the Lyman-a forest observation.

In order to avoid having the thermal WDM, we focus on
the scenario where ®q starts the free streaming once
produced from the inflaton decay. After that, ;4 becomes
nonrelativistic first and then decays to DM pairs. Differing
from the previous case with 4,4 # 0, the time when @4
becomes nonrelativistic is sensitive to the inflaton mass
now. @4 has momentum p¢(agy) =~ m; /2 at the reheating
era on production and then becomes nonrelativistic at

__ mmjary my X 10_13 GeV
a4 = danr = =

2m16 - 2 % TRH X Mg
Br x (220 x 10713 GeV

I keV
54 x 107 x myq

: (40)

where we used agy =~ (10713 GeV)/Try for the third
equality and Eq. (31) for the last equality. For our purpose,
we demand that

Tsm(ang) > Tsmo > Tsm (47)

where Tgy; and Ty, were defined in Eq. (33) and
Eq. (34). From the first inequality in Eq. (47), we obtain

2.7 x1073 m
Br x (1 keV) MP

From the second inequality in Eq. (47), we obtain

MpMm 1/9 Mg 1/6
. <0.84 x Mo\ —y . (49
Y <1 keV) <M,, iz (49)
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1 . ==== 0.5Mpc<Afg
\\ = 0.3Mpc<Agg<0.5Mpc
050l RN Aps<0.3Mpc
o \
[oX
2
4
-<
0.10|
0.05 - - - - -
0.2 0.4 0.6 0.8 1.0
mDM(keV)
FIG. 5. Dark matter mass (mpy) vs free-streaming length (Agg).

For this plot, (m; = 5 x 103 GeV,Br = 107%,y, = 5 x 107%) is
assumed. For each mpy, the smaller y, yields the larger Agg.

In addition, as discussed in Sec. IVA, we require

mig\ 310 [ mpy \ /3
P S| =y.3 50
Y <MP> 1 keV Yx3 (50)

so that the DM does not form a dark thermal bath via
their self-interaction through the @, exchange after its
production.

For a given set of (14, mpy, Br), each of (y, 1. v.2.Y.3)
is to be determined. Define y, j.c = min(y, |, y.2.V.3)-
Then a choice of the Yukawa coupling satisfying y, <
Vs.max Will satisfy Eq. (47). Numerically we find that (1) for
Br 2 1073, y, max = V.1 for any sub-keV mpy and (2) for
Br < 107, y, max 18 either y, | or y, 5. For a fixed mpy, Ags
depends on mq and y,, and these two are inversely
correlated. Thus, in principle, for a fixed mpy, a set of
(myg,y,) satisfying Agg € (0.3,0.5) Mpc can be readily
found and is consistent insofar as y, < ymwlx.20 In this sec-
tion, instead of probing all the allowed parameter space for
(myg, Br, y,, mpy), for our purpose it suffices to choose a
specific benchmark set of parameters (m ;s = 5 x 10° GeV,
Br=10"y, =5x107%) to show that a degenerate sub-
keV fermion DM can be produced in the model. Then we
see that y, < y, max 1S satisfied. We emphasize that this
example is not atypical and the following logic and
consistency check can also apply for other values of
parameters. The result of the computation for Agg(mpy)
is shown in Fig. 5. Interestingly, the range 0.2 keV <
mpy < 0.35 keV corresponds to the criterion 0.3 Mpc <
Ars < 0.5 Mpc and gives the mass constraint, which lies in

PFor Br < 1074, Yimax 10 Sec. IV B is greater than that in
Sec. IVA. For a given myq, with y, . being y, . given in
Eq. (36), we find that y, € (O.Syflﬁzx, 2y(:[‘,1‘1)x) is of our interest
since the range yields the desired Agg € (0.3 Mpc, 0.5 Mpc) for
mpym € (200 eV, 400 eV).

the range of degenerate fermion DM mass accounting for
the cored DM profiles of dSphs in Refs. [28-31]. The
smaller y, and the larger m ;s would make the curve in
Fig. 5 move upward.

As the final consistency check, we compute ANBEN and
the would-be temperature today for wg. First, from
Egs. (41), (C2), and y, =5 x 107°, ANBBN is found to
be at most ~0.02. This result is consistent with ANBEN <
0.114 (95% C.L.) [55]. Next, from Eq. (E2), the DM’s
would-be temperature today reads Tpy o~ O(107%) x
K-O(107%) K, which is smaller than Tpgg =~ O(10™) x
K-O(1073) K. Similarly to the case of Sec. IVA, this
shows that the current temperature of DM becomes low
enough to accomplish the degenerate configuration when
the structure formation is ignored.

V. SUB-keV FERMION DM FROM DECAY
OF A SCALAR FIELD COHERENT
OSCILLATION

So far we have assumed that @4 has a positive Hubble
induced mass squared during the inflation. However, we
assume the negative Hubble induced mass squared in this
section. We consider the potential of @4,

L[

V= (m%ﬁ - C2Hi2nf)|q)l6|2 + ¢ (n!)z M%n_4 ’

(51)

where H,,; is the Hubble parameter during inflation, »n is a
positive integer larger than one, and ¢, and ¢,, are posi-
tive dimensionless couplings. Then, @, sits around the
potential minimum with the amplitude ®q; during the
inflation,

(n!)2c 7>
q)16_12 < ne 2[{2 M%)n 4 . (52)

inf
2n

where we ignore the mass term with m ;s by assuming
mi}e < c,HZ . After the end of inflation, the field value of

inf*

@4 is given by

(n1)*c

(Dre) = (— HM)_ (53)

ncyy,

for n > 4. Here, H denotes the Hubble expansion rate.
This behavior of the scalar field is called the scaling
solution [62-64]. We focus on this scaling solution
with n =4 as an example in the rest of this section.”!
As the Hubble expansion rate decreases and when it
becomes comparable to m4, the scalar field @4 starts
the coherent oscillation around its origin. After that, when

“'we ignore the other terms with n #4 not to affect the
dynamics of ®@,¢. The analysis for the potential with n =2 or 3
will be given elsewhere.
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[(®,5 — ws + ys) ~ H holds, ;¢ decays into the DMs.”
This mechanism is basically the same as the one discussed
in Sec. IV whereas the ®;4 production mechanism is
different.

In the above DM production from the coherently
oscillating @4, the abundance of DM is given by

2
2n16 misP7g 0

. (54)

SsM a=0ogc Zzt_igg*.s(aosc)Tgsc
where @4 is the field amplitude of Eq. (53) when the
oscillation of ®¢ starts (H ~mg), i.€.,

1

41)%¢ 6
D6 <( 418 2m%5M?>) ; (55)

g, 1s the effective degrees of freedom for the entropy
density, and T, is the SM temperature at which the
coherent oscillation of @4 occurs

90\ /4 _
Tosc = <?) G« 1/4(aosc) V MPm16

-4/ m 1/2
~ (0. 1 9 G (aosc) 16 \V4
(0.85 x 10 )(7100 TGV GeV,

(56)

where a, is the scale factor as the oscillation starts. Notice
that we assumed that the oscillation starts at the radiation-
dominated era (7T, < Tg). By attributing the whole
current DM abundance to yg, we demand 2n4/sqy =
YpMm at @ = a,,. which yields

Gu(aose) \TVH [ mig \VE [ mpy [ 1/3~06
100 1 GeV 1 keV /) \cg S

(57)

This result tells us that for a given ¢,/ cg, there is a one to
one map between mpy and ms. As an example, for
¢y/cg =1, 5, 10, we show this map in Fig. 6.

After the right amount of @4 is generated, in order to
have yg as a degenerate fermion DM candidate today, we
demand that

Tosc > TSM,Z (58)

22Regarding the constraint from the isocurvature perturbations,
the fluctuation of @,¢4 is imprinted in the DMs in our mechanism.
Thus, we assume ¢, 2 O(10) to suppress the isocurvature
perturbations (see, e.g., Ref. [65]). Note that the fluctuation of
the axial component of @ is not suppressed by this way, but this
does not matter because only the fluctuation of the radial
component of @ leads to the isocurvature perturbations of
the DM.

4l C2/Cg=107
10 Colcg=5
02/08=1
__100f
S
[0
e
T 1p
1S
0.01¢
107 : : : ' '
0.2 0.4 0.6 0.8 1.0
mDM(keV)

FIG. 6. The map between mpy; and m ;4 obtained by the DM
relic density matching in Eq. (57).

where T\, was defined in Eq. (34). This leads to

P ) ey

27
Ve 20X < 100

In addition, as discussed in Sec. IVA, we require

m 15/ m 3/10
< (10-6 DM 16 — ’ 60
Ve S )<1 keV) (1 GeV Vi3, (60)

so that the DMs do not form a thermal bath via their
self-interaction through ®,¢ exchanges after its produc-
tion. Define y, .« = min(y,,y.3). Now for a set of
(myg, mpp, €2/ cg) satisfying Eq. (57), v, max is determined,
and by choosing a y, < ¥, max» 4rs can be computed based
on Eq. (40) and required to be 0.3 Mpc < Agg < 0.5 Mpc.
For an example of ¢,/cg = 5, we go through this procedure
to constrain the space of the Yukawa coupling between DM
and @4, of which the result is shown in Fig. 7.

For this y,, it turns out that @4 decay takes place before
the BBN era (a, ~O(107'%) — O(107'")) and therefore

\\
10 *\\:\
5P\ .
‘\\\ Ars>0.3Mpc (Below this line)
1t \\\\\\
>t ™ \\\\\\N
S| 050} S
0.10} eIl
oosf | TTme=olll ]
Aps<0.5Mpc (above this line)
0.01 . . . . .
0.2 04 0.6 0.8 1.0
mpum(keV)

FIG. 7. Forc¢y/cg =5 and (m g, mpy) given in Fig. 6, requir-
ing 0.3 Mpc < Agg < 0.5 Mpc constrains the space of the
Yukawa coupling between DM and ® .
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sub-keV DM contributes to ANBEN. Based on Eq. (C2), we
compute ANBEN attributable to DM and find it is at most
~0.01 to be consistent with ANBBN < 0.114 (95% C.L.) [55].

From Eq. (E2), we also estimate the DM’s would-be
temperature today for the case with ¢,/cg = 5. The results
read Tppo ~ O(1078)-O(1077) K, which is smaller than
Toeg =~ O(107*) K-O(1073) K. This shows that the cur-
rent temperature of DM becomes low enough to accomplish
the degenerate configuration when structure formation is
ignored. We do not go further to discuss the cases with
different ratios of ¢,/cg. If one finds Ty o > Tppg, One
may arrive at a value of ¢,/cg which is not allowed. But we
note that m¢ and agg are inversely correlated in Eq. (E2).

VI. CONCLUSION

In this paper, we present a well-motivated extension of
the SM which can address the core-cusp problem by
providing a degenerate sub-keV fermion DM candidate.
The model is characterized by U(1)p; gauge symmetry,
and two right-handed heavy neutrinos and four new chiral
fermions added to the SM gauge sector and particle
contents, respectively. All the fermions in the model are
charged under U(1)g,; and assigned the corresponding
QOg..’s in a way that U(1)g is rendered anomaly free. It is
extremely remarkable that one of the additional fermions
obtains naturally a mass of O(1) keV because of its large
B-L charge, provided that the B-L symmetry breaking scale
~10'5 GeV. Thus, it was shown that the chiral fermion can
serve as a sub-keV fermion DM candidate of which
temperature today is low enough to form a degenerate
fermion halo core for a dSphs. The DM’s free-streaming
length is small enough to be consistent with Lyman-a forest
data. Being WDM, the DM candidate in the model is also
expected to resolve other small-scale problems that the
ACDM paradigm confronts (the missing satellite and too-
big-to-fail problem). Consequently, the model can resolve
the small-scale issues in cosmology as well as the smallness
of the active neutrino mass and the baryon asymmetry via
the thermal leptogenesis.

Concerning the DM production mechanism, we argue
that fermion DM produced from the decay of a complex
scalar can meet the criteria for a degenerate fermion DM. In
Sec. 111, we showed that nonthermal DM produced from the
SM particle scattering is bound to travel too large a free-
streaming length. In Sec. IV, we showed that DM produced
from a series of decays (inflaton decay and @4 decay) as
the final product can travel the right size of the free-
streaming length ~O(0.1) Mpc to be consistent with the
Lyman-a forest observation. Getting into more detail, we
conducted the case study depending on whether a dark
thermal bath forms (Sec. IV A) or not (Sec. IV B). For both
cases, Agg for a fixed mpy; are parametrized by (mg, v, ).
We figure out that for a set of (m, mpy), the constraint
applied to a choice of y, is more stringent for the case with
the formation of a dark thermal bath (Sec. IV A) than for the

other case (Sec. IV B). This fact makes it easier for the case
without a dark thermal bath to produce a degenerate
fermion DM consistent with the free-streaming length
criterion. In Sec. V, we studied a different mechanism to
produce the degenerate fermion DM via the decay of a
scalar field coherent oscillation. Differing from Sec. IV
where a positive Hubble induced mass is assumed during
inflation, a negative Hubble induced mass during inflation
is assumed in Sec. V. We studied a potential of @4 in
Eq. (51) by which the @4 field is located away from the
origin in the field space at the end of the inflation. For a
fixed ¢,/ cg, there is a one to one map between mpy; and
myg, Which is required by DM relic density matching.
Taking, for example, ¢,/cg = 5, we showed how the free-
streaming length criterion 0.3 Mpc < Agg < 0.5 Mpc can
constrain Yukawa coupling between the mother scalar field
with ~m s € (1073, 10%) GeV and the DM candidate. For
all distinct DM production mechanisms, we also performed
further consistency checks including ANBEN contributed
by DM and TDM,O < Tpgg. Finally, we note that the
framework presented in this paper shows that even if the
fermion warm DM mass is as low as the sub-keV regime, it
can still travel the free-streaming length as short as
~(0.1) Mpc consistent with the Lyman-a forest obser-
vation thanks to the nontrivial dark sector structure and its
cosmological history.
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APPENDIX A: £ DECAY

£ is expected to decay to the SM Higgs and a lepton via
the decay operator

(@5,)° <

Oge = p——w_sN

v (A1)

where f is a dimensionless coefficient. For Vg ~ 3 x
10" GeV, m;~2x10° GeV. When the mass of the
lightest right-handed neutrino is about 10° GeV and its
mass mixing with £ is O(1), £ can immediately decay into a
Higgs and a lepton via the mixing once ¢ becomes
nonrelativistic.

APPENDIX B: HIGGS PORTAL

The Higgs portal operator ~A,(H"H)|®,¢|* allows for
direct coupling between ®;; and the SM sector at the
renormalizable level. The interaction rate for the process
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16 fsm

Q16 fim

FIG.8. Formgs < Agw, @ is easily pair annihilated to the SM
fermion pairs. & is the Higgs field fluctuation around the global
minimum of its potential.

H* + H — @}, + O owing to the Higgs portal operator,
ie., ~A2T, is relatively much larger than both the inter-
action rate for the process fg + fsm = @i + Py via
U(1)g gauge boson exchange, ~T3/ V4, , and the Hubble
expansion rate since reheating time, unless the Higgs portal
is greatly suppressed. This tells us that produced from
scattering among the SM Higgs, @, would be easily
thermalized by the SM thermal bath with significant A,.
Once @4 joins the SM thermal bath, trivially it
never decouples. For the case where @4 decays before
@4 becomes nonrelativistic, yg becomes thermal WDM?*
which is out of our interest. On the contrary, if ®;4 becomes
nonrelativistic before its decay to the DM starts, @4 would
disappear prior to production of s> For these reasons, for
the purpose of having a sub-keV nonthermal fermion
WDM, it is necessary for us to assume a highly suppressed
Higgs portal operator ~A,(H H)|®4|*.

APPENDIX C: AN ; CONTRIBUTED BY DM (y3g)

Recalling the expression for the radiation energy density

7 [ 4\43
Prad(T <1 MeV) =p, 1+§ T Nt |, (C1)

we compute the extra contribution to radiation from the
relativistic DM at the BBN era by

»The abundance of the WDM will be larger than the current
dark matter abundance.

2t @4 is heavier than the EW symmetry breaking scale, it
will be Boltzmann suppressed once Tgy; =~ m ¢ is reached. If it is
lighter than the EW symmetry breaking scale, @ is still living in
the SM thermal bath by interaction with the SM fermions induced
by the virtual SM Higgs. By comparing the relevant interaction
rate of the diagram in Fig. 8 to the Hubble expansion rate

A2m? T2 4
U 3 SM my
I~ Tony—cH = Togy~——-— Bl
m TSM T, M7 2mIM (B1)

it is realized that @4 would easily pair annihilate to SM fermions
at Tgy =~ mye. Here, my is a SM fermion mass and my, is the
physical Higgs particle mass.

P 8 /1143
ANBBN ~ TPV, = <—> , (C2)

, T\ 4

where, based on Eq. (12), the DM energy density at the
BBN time reads

mieaps >
pom(apeN) = mlz)M + <—>
2agpn

x |4.07 x 1074 x (2bM -
’ 1 keV

272

X Egs.SM(aBBN>TSM(aBBN)3v (C3)
and the photon density is
n? 4
py(aBBN) =—Xx2X (1 MCV) . (C4)

30

APPENDIX D: MAPPING THE THERMAL WDM
MASS TO A NONTHERMAL WDM

It was observed in Ref. [60] that the linear matter
power spectra associated with different WDM models
are very similar when the same variance of velocity and
the comoving Jean scale (k;) are assumed. The comoving
Jean scale at the matter-radiation equality time is defined
as [60]

4zGp,,

62

, (D1)

a=aeq

kJ:a

where p,, is the matter density and o is the velocity variance
of DM.

In accordance with this, it was argued in Ref. [66] that
equating the warmness parameters for the thermal WDM
and WDM of another type differing from the thermal one
constructs the map between masses. The warmness param-
eter (6 = 6T /m) of a WDM introduced in [66] is defined
with temperature 7', mass m, and the quantity

5 _ Jdad'f(a)
~ [dag*f(q)’

where f(p) is the momentum space distribution function
and g = p/m is used. To establish the map from the
thermal WDM mass to another WDM candidate (y), one
can begin with

(D2)

T dem

X o~
— = Owdm ’
m)( Mydm

c (D3)

XZUde©0

X

where o, is the warmness of y WDM and 6,4y, is that of the
early decoupled thermal WDM. This equation tells us that
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once one knows T, T4, and 6, at a = a4, One can map
the constraint on mgy, to that on m,, knowing 6y4m = 3.6
from the Fermi-Dirac distribution. 7, and &, are closely
related to the production mechanism of y WDM. On the
other hand, for the early decoupled thermal WDM, T4, is
determined by the DM relic density. Today, a comparison
of thermal WDM to the neutrino gives [67]

m T 3
Quunh? ~0.12 = [ —dm wim0 )" o T
'wdm (94 CV) < TU,O wdm,0

4 1/3
- [O.O36<9 eV)] T,
Mydm

where T, o = (4/11)'/3T, ; is today’s neutrino temperature.

(D4)

APPENDIX E: WOULD-BE TEMPERATURE
OF DM CANDIDATE

The necessary condition that the fermion DM candidate
should satisfy to form a cored halo profile within a dSphs is
that its would-be temperature today (TDM,O) in the absence
of structure formation should be smaller than a degeneracy
temperature for the dSphs (Tpgg) [28]. From the property

that DM’s momentum scales as ~a~! and the temperature
of DM that can be defined via E; ~ kT, we can infer that
the DM’s temperature scales as ~a~' for the relativistic
state and ~a~2 for the nonrelativistic state.

For the case where the fermion DM candidate is
produced from a nonrelativistic scalar decay and free
stream since then, the scale factor (ang) at which DM
becomes nonrelativistic is given by

AaNR = ) (El)

where my is the mother scalar’s mass and apg is the scale
factor at which DM starts free streaming. Therefore,
starting with ppy(ags) = mg/2, the would-be temperature
for DM today is computed by

2 2

~ Mmgdrg AaNR Mgdrs

Tomo = ) X\ — | = mMpm 2 ) (E2)
AanRr dap mpm

where Eq. (E1) is used for the second equality. The
degeneracy temperature for a dSphs used for checking is
roughly Tpgg =~ O(107) K-O(1072) K [28].
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