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Using the primordial helium abundance, an upper limit to the magnetic moments for Dirac neu-
trinos had been provided by imposing restrictions on the number of the additional helicity states.
Considering non-thermal photons produced in the decay of the heavy sterile mass eigenstates due
to the neutrino magnetic moment, we explore the constraints imposed by the observed abundances
of all the light elements produced during the Big Bang nucleosynthesis.
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Neutrino magnetic moments are expected to be very
small. Although one can enumerate various terrestrial
experiments that can probe the neutrino magnetic mo-
ment [1], the best limits on this quantity comes from the
scattering of neutrinos or antineutrinos off electrons. At
low enough electron recoil energies, the magnetic moment
contribution to the cross section exceeds the standard
weak contribution with the lowest measurable recoil en-
ergy providing the best limit. The best direct limits on
the neutrino magnetic moment come from experiments
with reactor antineutrinos [2, 3]. The current limit is
py < 2.9 x 107 up at 90% C.L. where up = e/2m, is
the Bohr magneton.

Further constraints on the neutrino magnetic moment
come from astrophysical and cosmological arguments.
The most strongest such limit comes from the cooling
of red giant stars. Before the helium flash, the degen-
erate helium core loses energy by neutrino pair emis-
sion. If there is a sizable neutrino magnetic moment,
besides the Standard Model processes, additional cool-
ing of the core is possible through plasmon decay into
neutrino pairs. Since the cross section of the latter pro-
cess is proportional to the p2, a large magnetic moment
will delay the helium ignition, altering the ratio of red gi-
ant to horizontal branch stars. Observations of globular-
cluster stars result in a limit of p, < 3 x 107 2up [4].
Another, less stringent, argument comes from the ob-
servation of the neutrinos from SN1987A [5]. Magnetic
moment contribution to the neutrino scattering is medi-
ated by a photon exchange, hence it changes the helic-
ity of the neutrino. If the neutrinos are of Dirac type,
the right-handed states are sterile and can easily escape
the core. If the magnetic moment is relatively large this
mechanism would dominate the cooling rate. The low
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energies of the neutrinos and the multi second time-scale
of the burst observed in SN1987A is in accordance with
a diffusely cooling protoneutron star, suggesting that no
such right-handed states are created. However, such a
scenario assumes that the dynamics of the core-collapse
supernovae is well understood. This limit does not apply
to Majorana neutrinos since their right-handed counter-
parts are not sterile.

Cosmological arguments given so far are not very con-
straining either. In the standard description of the early
universe, during the nucleosynthesis epoch neutrinos are
assumed to have decoupled when T ~ 2m, and sub-
sequently only electron-positron pairs interact with the
photons. Clearly a large enough magnetic moment could
permit neutrino-photon interactions at later times. How-
ever, it turns out that primordial helium synthesis is
more sensitive to the additional neutrino helicities than
considerations of neutrino equilibration. Imposing the
requirement that the helium synthesis in the Big Bang
not to be disrupted by the production of additional right-
handed states limits the neutrino magnetic moment to be
py < 107" up [6]. A more careful treatment of the con-
ditions in the Big Bang may loosen this limit by about a
factor of three [7]. Again this limit does not apply to Ma-
jorana neutrinos since no additional states are produced
with their magnetic interactions. It should be empha-
sized that both the globular cluster and supernova limits
are restricted to neutrinos (active or sterile) light enough
to be produced in these environments (less than a few
keV for the helium flash and less than a few MeV for the
supernovae).

Anomalous results from a variety of neutrino experi-
ments could be interpreted as evidence for the existence
of sterile neutrinos, additional neutrino mass states be-
yond the three active species in the Standard Model.
Recently, a reanalysis of short-baseline reactor neutrino
experiments has revealed a discrepancy between obser-
vations and the expected antineutrino flux [8]. While a
full resolution of this discrepancy requires further exper-
imental work [9], it has renewed interest in light sterile



neutrinos (for a recent review see Ref. [10]). It is not
easy to see if such light sterile neutrino states can be ac-
commodated in standard cosmology [11]. It is prudent
to explore the implications of the heavier (with masses
more than a few MeV) sterile neutrinos to ensure that our
theoretical understanding is as complete as possible and
there are no additional effects that may impact active-
sterile mixing. To this end we explore the implications
of heavier sterile states for the Big Bang nucleosynthesis
(BBN).

If neutrinos possess non-zero magnetic moments, a
sterile state would decay into another sterile or active
state by photon emission. The photon emitted in this
decay during the BBN epoch is not likely to be in ther-
mal equilibrium. The radiative lifetime of such a sterile
neutrino is given as (see e.g. [12])
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In this expression, p;; and €;; are the magnetic and elec-
tric dipole moments that take us from the heavy mass
eigenstate 7 to the light mass eigenstate j. In this paper
we use the shorthand notation |pes|> = |uij|® + |eij]?.
Eq. (1) can be derived from an effective Lagrangian that
describes the electromagnetic coupling between a heavy
neutral fermion (”sterile neutrino”) and a light (active)
mass eigenstate. In the discussion below, we write the
mass of the decaying state generically as myx. We will

assume that there is only one sterile state.

Reactor experiments probing the neutrino magnetic
moment are inclusive experiments, and they do not ob-
serve the outgoing neutrino. Hence, if one neglects all
the neutrino masses, they measure the quantity [13]

(1)e ~ Z Uei,uik,ULjU;e = (UpptUD)ee. (2)
ijk

If the neutrino masses are sizable there are small correc-
tions to Eq. (2). Note that this quantity is not simply the
square of the diagonal magnetic moment of the electron.
The magnetic moment can change flavor and all flavors
permitted by the kinematics can be created and summed
over in the final state. Indeed for the Majorana neutrinos
only non-diagonal magnetic moments exist. Note that a
sterile neutrino that mixes with active flavors contains
all the mass eigenstates:

|Vstcrilc> - Z U51|Vz> (3)

If we ignore the mass of final mass eigenstate (m; ~
1072 eV) in Eq. (1), then the energy of the produced

photon is
L 2
EV0=§1/p +mz, (4)

where p is the initial momentum of the neutrino. As
we mentioned above, such photons will not be in ther-
mal equilibrium. It is known that such nonthermal
photons can induce electromagnetic cascade showers,
and generate many less energetic nonthermal photons
(e.g., [14, 15]). 1If the sterile species decay after the
ete™ annihilation occurs, these nonthermal photons can
disintegrate background light elements, potentially al-
tering abundances of nuclei synthesized during the Big
Bang [14-26].

In our calculations we utilized Kawano’s public BBN
code [27, 28], and adopted Sarkar’s correction for “He
abundances [29]. Reaction rates for light nuclei (A <
10) are updated with recommendations by JINA REA-
CLIB Database V1.0 [30], and the neutron lifetime of
878.5 £ 0.7gar £ 0.3sys s [31, 32] based on improved mea-
surements [33] was adopted. We adopt the method of
Ref. [26] to calculate the nonthermal nucleosynthesis,
where thermonuclear reactions are simultaneously taken
into account. We took updated reaction rates of *He
photodisintegration [eqs. (2) and (3) of Ref. [34]] using
the cross section data from precise measurements with
laser-Compton photons [35, 36].

In earlier studies of the nonthermal nucleosynthesis,
the mass of the decaying particle is usually assumed to
be larger than O(1 MeV), which is the scale of thresh-
old energies of nuclear photodisintegration. However, in
this study, this restriction is not imposed in order to an-
alyze the mass-dependent effects of the radiative decay
for the first time. In this case, there are three parame-
ters. The first parameter is (n% / n,oy), the number ratio of
the decaying sterile neutrino state v to the background
radiation before the decay of vs;. The second parameter
is 7x, the lifetime of the decaying eigenstate, or equiv-
alently the neutrino magnetic moment as given in Eq.
(1). The third parameter is E,o, the energy of photon
emitted at the radiative decay.

The relic abundance of extra neutrino X is determined
as follows. The decoupling of neutrino from the thermal
bath in the early universe occurs at temperature Tq ~ 1
MeV for light sterile species (mx < 1 MeV), and at
Ta ~ mx /20 for heavy sterile species (mx > 1 MeV)
[37]). Tt is then simply assumed that massive neutrinos
decouple at the higher of these two temperatures, i.e.,
Tq =max(1 MeV, mx/20). The neutrino abundance at
the decoupling time is then given by
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where gx is the spin degrees of freedom of the species X,
which is assumed to be unity here. In the epoch of e™ e~
annihilation, the number density of neutrinos is diluted
by the annihilation. The number ratio of neutrinos and
photons at T' < 1 MeV is given by

nax(mx) =

nx _ 4 nax(mx) _ 212 nax(my) (6)
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The photon emitted at the radiative decay loses its en-
ergy through interactions with background photons, and
electromagnetic showers composed of energetic photons,
electrons and positrons are induced. When the energy of
the emitted photon E,¢ is much larger than the thresh-
old energy of photodisintegration of light nuclides, i.e.,
E.,o > 1 MeV, the steady state energy spectrum of the
nonthermal photons is approximately given (e.g., [22, 26))
by

K(Ex/E,)%? for E, < Ex,
K(Ex/E,Y)Q for Ex <E’Y < F¢, (7)
0 for Ec < E5,

py(Ey) =

where Ex ~ m?2/(80T) and Ec ~ m?2/(22T) are the
energy corresponding to a break in the power law, and
a cutoff energy, respectively, [15] with m,. the electron
mass, K = E,0/{E%[2+ In(Ec/Ex)]} is the normaliza-
tion constant which conserves the energy of the initially
injected photons. Note that the spectrum has a cutoff
at the energy FE¢ because for energies larger than E¢,
photons are quickly destroyed in electron-positron pair
production. The spectrum given in Eq. (7) is valid when
E.,o > 1 MeV but in this study we are also concerned
with situations where the emitted photon energy is near
the photodisintegration threshold, i.e., Eyo = O(1 MeV).
To accommodate these cases, we implement the following
generalization:

(1) if B9 < Ex, then the spectrum is given by

_ | Ki(Ex/E,)*? for E, < E,,
mo) ={ § < ®

where K1 = E1)?/(2E3?),
(2) if Ex < Ey9 < E¢, then the spectrum is given by

Ky(Ex/E,)3/? for E, < Ex,
KQ(EX/E»Y)Q for Ex < E’Y < E,Yo,
0 for B, < E,

P2y (Ey) =

(9)
where Ky = E.0/{E%[2+ In(E,0/Ex)]}, and

(3) if E¢ < E,, then the spectrum ps,(E,) is the one
given in Eq. (7).

Cosmological parameters are taken from the analysis
of the Wilkinson Microwave Anisotropy Probe (WMAP)
[38-41]. We adopt central values of constrained parame-
ter regions for model ACDM (WMAP only) determined
from WMAP9 data: Hy = 70.0 + 2.2 km/s/Mpec, Q) =
0.0463 +0.0024, 24 = 0.721 £0.025, Qy,, = 0.2794+0.025,
and 1 = (6.19 4 0.14) x 1010 [41].

By taking into account the results of a recent detailed
calculation for the conversion of "Be to "Li in the re-
combination epoch (Fig. 4 of Ref. [42]), we assume an
approximately instantaneous conversion via the electron
capture of "Be** at the redshift z = 3 x 10%.

Calculated results are compared with observational
constraints on elemental abundances. The primordial D
abundance is inferred from observations of QSO absorp-
tion systems including a damped Lyman alpha system

of QSO SDSS J14194-0829, which is measured most pre-
cisely [43]. We adopt the mean value estimated from
ten Lyman-o absorption systems, log(D/H)= —4.58 +
0.02 [43]. Allowing for 20 uncertainty, we take the
constraint as 2.40 x 1075 <D/H< 2.88 x 1075. 3He
abundances in Galactic HII regions have been measured
through the 8.665 GHz hyperfine transition of 3He™,
3He/H= (1.9 + 0.6) x 107" [44]. We take the 20 upper
limit and adopt *He/H < 3.1 x 1075.

The primordial *He abundance is inferred from obser-
vations of metal-poor extragalactic HII regions. Two
different determinations have been published recently,
Y, = 0.2565 + 0.0051 [45] and Y, = 0.2561 & 0.0108 [46].
We take the latter conservative constraint and allow for
20 uncertainty: 0.2345 <Y, < 0.2777 [46].

Primordial “Li abundance is inferred from spectro-
scopic observations of metal-poor stars. The observed
abundances are different from theoretically calculated
values in the standard BBN model. Although the cause of
this disagreement is not clear yet [47, 48], we adopt the
observational abundance, log("Li/H)= —12 + (2.199 +
0.086) derived in a 3D nonlocal thermal equilibrium
model [49]. Allowing for 20 uncertainty, the constraint
is 1.06 x 10719 <7Li/H< 2.35 x 10710,

In some of metal-poor stars, 6Li is detected. The most
probable detection in G020-024 shows the isotropic ratio
of °Li/"Li=0.052 4 0.017 [50]. We use the 20 upper limit
and log("Li/H) = —12 + 2.18 for the same star [51], and
adopt the constraint, °Li/H< 1.3 x 1071

The radiative decay of massive neutrino enhances the
energy of cosmic background radiation or entropy den-
sity. The baryon-to-photon number ratio then changes
as a function of cosmic time [52]. When nonthermal
photons are injected following the sterile neutrino decay,
which occurs before the cosmological recombination, the
comoving entropy of the universe increases. The baryon-
to-photon ratio is inversely proportional to the comoving
entropy so that it is reduced during the nonthermal pho-
ton injection. However, since the baryon-to-photon ratio
inferred from WMAP measurement of cosmic microwave
background anisotropies is consistent with primordial el-
emental abundances, the entropy change is constrained.
When the change in comoving entropy (S) is small, the
ratio of comoving entropies measured before and after the
radiative decay, i.e., S; and S, is approximately given
[52] by
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where ((3) = 1.202 is the zeta function; g7¥ = 3.36 and
9.5 = 3.91 are relativistic degrees of freedom in terms of
number and entropy, respectively; ny and n;, are number
densities of the decaying sterile species and photon, re-
spectively, evaluated at the same time before the decay;
and Mp; = 1.22 x 10" GeV is the Planck mass. In the

limit of small fractional change of entropy, the value is



given [52] by
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Using the 20 uncertainty from the baryon number density
measured by WMAP, we allow at most 10% change in
comoving entropy.

Figure 1 shows calculated abundances in the radia-
tively decaying neutrino model as a function of mass mx
for a fixed lifetime of 7x = 10'° s. This lifetime is cho-
sen merely to illustrate the way constraints are obtained.
Final abundances of *He, D, 7Li, and Li, (solid lines)
and 3He (dashed line) are shown. The dotted line is for
"Be abundance before it is converted to “Li via electron
capture process operating in the recombination epoch of
"Bett [42].

In drawing Fig. 1, we calculated transfer functions of
nonthermal nuclei which depend on the mass of the de-
caying particle X. The following analysis of the time
evolution of abundances for different masses is useful in
understanding Fig. 1: The “He abundance decreases as
a function of mx in the region of myx > 40 MeV by pho-
todisintegration reactions. The D abundance decreases
at mx > 4.4 MeV by photodisintegration, and increases
at mx > 40 MeV because of a production via the photo-
disintegration of “He. The *He abundance decreases at
mx > 11 MeV by photodisintegration, and increases at
mx > 40 MeV from the photodisintegration of 4He. The
curves for “Li (the sum of abundances of "Li and "Be)
and "Be reflect the photodisintegration of “Li (mx > 5
MeV) and “Be (mx > 3.2 MeV). The Li abundance
decreases at mxy > 9 MeV by photodisintegration, and
increases by production from the "Be photodisintegra-
tion (mx 2 20 MeV) and the *He photodisintegration
followed by a-fusion reactions, *He(7y,p)*H(a,n)°Li, and
4He(v,n)*He(a,p)Li (mx 2 100 MeV).

Apart from the discrepancy between theoretical and
observational “Li abundances, the constraint on the
mass, m, < 4.4 MeV, is derived for 7x = 10'° s. This
bound comes from the constraint on D abundance. Inter-
estingly, there is a solution to the “Li abundance problem
at m, ~ 3.5 MeV. In this region, the photodisintegration
of "Be is induced while the photodisintegration of other
light nuclei never occurs since the energy of nonthermal
photons is always below the reaction thresholds. The
possibility of this finely tuned mass of the decaying parti-
cle is noted as a ”just-so” solution in Ref. [53], although
a quantitative calculation has never been reported. In
fact, this parameter region is excluded in Fig. 2 when
the entropy production associated with X decay is con-
sidered. However, if the relic abundance of the X particle
is smaller than the value assumed in this paper, a reduc-
tion of final “Li abundance can be possible without spoil-
ing all successes in standard cosmological models about
elemental abundances and baryon-to-photon ratio. This
scenario requires injections of energetic photons with en-
ergies between the photodisintegration energy thresholds
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FIG. 1. Calculated nuclear abundances in the radiatively de-
caying heavy neutrino model as functions of the neutrino mass
for a fixed lifetime of 7x = 10'° s. Solid lines show final abun-
dances of “He, D, “Li, and °Li, while the dashed line shows
final abundance of *He. The dotted line corresponds to the
"Be abundance before it is converted to "Li via the electron
capture process. Boxes indicate observational constraints.

of "Be (1.59 MeV) and D (2.22 MeV). Although the fine
tuning of the energy is necessary, it is a very simple so-
lution to the "Li problem.

Figure 2 shows the constraints on this model in the
(x, mx) plane. Contours correspond to the adopted
observational constraints on abundances. The right re-
gion of solid lines for D, *He, *He, and dashed line for
"Li are excluded by abnormal nuclear abundances. The
region bounded by two dashed lines for D is excluded
due to underproduction of D. “Li is overproduced on the
left of the solid “Li line. The ®Li abundance is larger
than that detected in the metal-poor star G020-024 in
the right region from the curve for 5Li. The right re-
gion from the dot-dashed line is excluded by large en-
tropy production. Note that, if the lifetime of the sterile
neutrinos is shorter than about 10* s, then the decay oc-
curs before the temperature drops to a value about 103
MeV and the cutoff energy E¢ of the nonthermal photon
spectrum mentioned just below Eq. (7) will be about 2
MeV. If 1.59 MeV < E,o < 2.22 MeV the photon energy
will be sufficient to break up "Be into *He and *He, but
deuteron will remain intact. As we mentioned above, if
one can appropriately adjust the sterile neutrino number
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FIG. 2. Contours in the (7x, mx) plane for the adopted con-
straints of the primordial abundances of D (red), *He and *He
(black), and "Li (blue). The right regions of solid lines for D,
3He, *He, and dashed line for "Li are excluded because of too
large effects on nuclear abundances. The region bounded by
two dashed lines for D is excluded due to underproduction
of D. "Li is overproduced on the left of the solid "Li line.
Regions with the notation, over and low, indicate that they
are excluded by overproduction and underproduction, respec-
tively. The SLi abundance is larger than that detected in the
metal-poor star in the right region from the curve for °Li.
The right region from the dot-dashed line is excluded by the
change of baryon-to-photon ratio.

density, instead of using Eq. (5), this would provide a
solution to the "Li problem.

Figure 3 shows the constraints in the (mx, |tes|/1B)
plane. Contours correspond to the same observational
constraints as in Fig. 2. The mass region between 0 and
20 MeV is enlarged in Figure 4 for clarity. Higher values
of the magnetic moment correspond to shorter lifetimes
whereas smaller values of the magnetic moment corre-
spond to longer lifetimes for the sterile neutrino [see Eq.
(1)]. Since the sterile neutrinos we consider are non-
relativistic, their energy density decreases as a~ as the
universe expands, where a is the scale factor of the uni-
verse. Photon energy density, on the other hand, de-
creases as a~%. Hence right after the ete™ annihila-
tion epoch the photon density is larger than the sterile
neutrino density and if the sterile neutrinos decay too
early during the expansion, the nonthermal photon den-
sity that they produce will be a negligible fraction of the
thermal photon density in the background and therefore
will have no noticeable effect on BBN yields. This region
corresponds to the upper part of the dash-dotted line
which is nearly diagonal across Fig. 4. The values of the
magnetic moment above this line cannot be constrained
from BBN considerations alone. Below this line the ster-
ile neutrinos live long enough for the background radia-
tion density to drop so that the nonthermal photons that
they produce at sterile neutrino decay becomes increas-
ingly significant. In this region, the magnetic moment
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FIG. 3. The same constraints as in Fig. 2 but for the (mx,
|test|/pB) plane. The constraint from the baryon-to-photon
ratio of WMAP is viable above the dot-dashed line located at
the left bottom. This line corresponds to the time of cosmo-
logical recombination.
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FIG. 4. The same constraints as in Fig. 3 in a narrower (mx,
|pesz|/pim) plane.

can be constrained from BBN considerations. However,
if the magnetic moment is too low, i.e., the lifetime of the
sterile neutrino is too long, then the decay happens after
the recombination epoch, i.e., 1.55 x 10'3 s at z = 1088
[41]. This is represented by the other dash-dotted line
near the bottom of the Fig. 4. The radiative decay oc-
curring after the recombination is directly observable to-
day as a diffuse non-thermal background and is strongly
constrained from measurements of y-ray background and
high energy neutrinos [18].

The low mass region of my < 6.5 MeV is constrained
from WMAP measurement of baryon-to-photon ratio,
while the high mass region of mx 2 6.5 MeV is con-
strained from observational nuclear abundances.

Figures 5 and 6 show allowed regions due to the con-
straints on abundances of D and 7Li, respectively.

In this paper we showed that observed light element



107°
10—10
10—11
10—12
10-13

D allowed

10714

I'u’effl My

10—15
10—16
10—1’7
10718

my (MeV)

FIG. 5. Allowed region due to the constraint on D abundance
in the (mx, |pest|/1B) plane.

107% g
10710
10‘112
10‘122
10‘135

‘lu'effl My

107140

Li allowed

10715
10—16;
10717E_

10—18‘,,‘,....[1...--
0 5 10 15 20

my (MeV)

FIG. 6. Allowed region due to the constraint on "Li abun-
dance in the (mx, |pes|/us) plane.

abundances from the Big Bang can put significant con-
straints on the sterile neutrino masses and their contri-
butions to the neutrino magnetic moment. A persistent
puzzle of the modern cosmology is that there is no al-
lowed region in which "Li abundance is simultaneously
consistent with observed abundances in metal-poor stars,
the deduced value of the baryon-to-photon ratio from
the CMB measurements and the BBN calculations. We

showed that allowing a heavy sterile neutrino decay into
active ones does not alter this situation. If one were to
relax the requirement of using the CMB value of baryon-
to-photon ratio or using the relic neutrino abundance de-
duced from the thermal freezeout of weak reaction we
find a narrow-band region, determined from an overlap
of allowed regions from D and 7Li abundance, located at
mx ~ (3 —5) MeV and |gesr| ~ (10717 — 107 2)up. In
this region, all light element abundances are consistent
with the observed abundances, differently from abun-
dances predicted in standard BBN model. Of course such
a sterile neutrino could also decay into electron-positron
pairs, possibly further altering the nucleosynthesis yields.
However, since we did not specify the interactions of this
sterile object, it may be possible to suppress such decays
in certain models. Note that if the sterile neutrino with
mx ~ (3 —5) MeV and |pegt| ~ (1077 — 10 12)up were
viable it could place a limit on the electron neutrino mag-
netic moment. Taking that the electric dipole moment
to be zero, assuming . Ue; ~ 1, where the sum is over
all the active flavors, and noting that Uy < 1, this gives
the limit of u, < 107*2up for the diagonal magnetic
moment of the electron neutrino which mixes with this
sterile state. Of course it is very likely that U.4 could
be much smaller and the contribution of this sterile state
to the neutrino magnetic moment is much less than the
stated upper limit.
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