6Li/"Li ranges approximately from

¥’ fy* <05 to 1.3. (3.6)

Note that this constraint lies well above the. theoretical ®Li/H curve in Fig. 1.2 for
the.entire range of 7. Since I have only a rough range of upper bounds on ®Li, and
no lower bound, I will not use ®Li in my statistical analysis to test the concordance
between observation and theory. Instead, I will just check the consistency of my

theoretical results with the above constraint.
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Chapter 4

Statistical Analysis of Theory and Observation

In this chapter, I describe how [ compare my theoretical calculations from
Ch. 2 with the observed abundances from Ch. 3 to arrive at meaningful bounds
on the properties of the radiatively-decaying X particle. I dwell at some léngth on
this topic; because there has been confusibn in the literature as to how to compare
theory and observation, and what such comparisons mean. I then discuss my

results.

4.1 Analysis

In this section, I seek to answer the question, “How well does my simulation
of BBN agree with the observed light-element abundances?” To be more precise,
I rephrase the question as, “At what confidence level is my simulation of BBN
excluded by the observed light-element abundances?”

From my Monte-Carlo BBN simulation, I obtain the theoretical probabil-
ity density function (p.d.f) p*(a) of the simulated light-element abundances
ath = (yik yth, log;0 yth). 1find that p*(a**) is well-approximated by the product
of independent, Gaussian probability distribution functions. [See Egs. (2.5) and

(2.6).] Note that p**(at*) depends upon the parameters p of my theory, e.g. p
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= (n,...). (The ellipses refer to parameters in non-standard BBN, e.g., mx Yx and
7x.) In particular, the means and standard deviations of p**(a‘®) are functions of
p.

I also construct the p.d.f. p°*(a®®*) for the observed light-element abundances,
viz., a® = (y5*, Y, log,o ¥3*). Since the observations of the light element abun-

dances are independent, I can factor the joint probability density:
p*(a”) = p3*(ys") x PP (V™) x p7**(logyo ¥7”)- (4.1)

I assume Gaussian p.d.f.’s for y3**, Y°%  and log;q ¥2*. I use the mean abundances
and standard deviations given in Equations (3.1)—(3.5). Since I have two discor-
dant values of D/H and two discordant values of 4He, I considered all four cases.

Consider now Aa = a** — a®®, This quantity has a p.d.f. given by
pA(Aa) — /daobs pobs(aobs) / dath p,th(ath)(s(Aa _ (ath _ aobs))
= [dap™(@p™(a-Aa), (42)

where I have suppressed the dependence of p»(Aa) and p*(a®) on the theory
parameters p. Note that when all p* and p** are Gaussian, Eq. (4.2) is easily

integrated to yield a product of three Gaussian p.d.f.’s.:

(4.3)

t
where Aa; = af* — a®, 0? = (o) + (0¢%)? and 1 runs over (yz, Y, logioy7).

My question can now be rephrased as, “At what confidence level (C.L.) is
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Aa = 0 excluded?” The answer,

cL®) = [ d(2a) p*(Aa; ), (4.9

{AapA(Aa;p)>p2(0;p)} '
is used in this dissertation to constrain various scenarios of BBN. Since I have
assumed Gaussian p.d.f.’s, I can easily evaluate this integral. The result is conve-

niently expressed in terms of a x? function of the abundances:

CL. = ‘/Oxz ﬁ%@y%e'éldy (4.5)
= —\/zexp (——Xz-—) + erf (\/—X—i) , (4.6)
2 2
where
R “

K3

for a; = (35, Y, logi vr), and (97" = (072 + (o1)".

The confidence level is calculated for three degrees of freedom Aaq;. It denotes
the certainty that a given point p in the parameter space of the theory is excluded
by the observed abundances. In order to compare my theory with a late-decaying:
particle (three parameters p: 7x, mxYx, and 1) to a theory with a different num-
ber of parameters (e.g., only one in SBBN), one would want to use a x? variable
in these parameters. This transformation would be possible if the abundances
a; were linear in the theory parameters p. In that case, I could integrate out a
theory parameter such as n and set a C.L. exclusion limit (with a reduced number
of degrees of freedom) on the remaining parameters. However, the a; turn out to

be highly non-linear functions of p, so integrating out a theory parameter turns
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out to have little meaning. Instead, I shall project out various theory parameters

(as explained in Section 4.2.1) to present my results as graphs.

4.2 Results

As I mentioned in Section 3.1, I have two “He values that have been inferred
from various observed data to be the primordial components. I also have two
primordial D/H values, which are deduced from the spectra of quasar absorption
systems (QAS). In this section, I compare the theoretical calculations with these
observed abundances and show how I can constrain the model parameters in each

of the four cases.

4.2.1 Low *He (Y = 0.234 % (0.002) ¢4t & (0.005)5ys:)

Recalling that the low observed *He value'[Eq. (3.3)] is consistent with the
theoretical calculation at low % in the case of SBBN, I expect that I can ob-
tain rigid constraints on the model parameters for the high observed D/H value
[Eq. (3.2)]. On the other hand, for the low observed D/H value [Eq. (3.1)], I search

the parameter space for regions of better fit than I can obtain with SBBN.

Low QAS D/H (yg* = (3.39 +0.25) x 10~%)

In Fig. 4.1, I show the contours of the confidence level computed using three
elements (D, *He, and 7Li) for some representative n values (2x1071%,4x 10710, 5x

107%,6 x 1071%). The region of parameter space that is allowed at the 68%
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C.L. extends down to low 1 (see Fig. 4.1a). Near n = 2 x 107!°, deuterium is
destroyed by an order of magnitude (without net destruction of *He), so that the
remaining deuterium agrees with the calculated low *He. I also plotted the regions
excluded by the observational upper bounds on ®Li/"Li. The shaded regions are
Ys/yz 2 0.5, and the darker shaded regions are ys/y7 > 1.3. Even if I adopt the
stronger bound yg/y7 S 0.5, my constraints from the other elements are consistent
with the observed ®Li value.

In Fig. 4.2, I show the contours of the confidence levels for various lifetimes,
Tx = 10%,10%,10°% sec. As the lifetime decreases, the background temperature at
the time of decay increases, so the threshold eneréy of double-photon pair creation
decreases. Then, for a fixed mxYx, the number of photons; contributing to D
destruction decreases. Thus, for shorter lifetimes, I need larger mxYx in order
to destroy sufficient amounts of D. The observed abundances prefer non-vanishing
mxYx.

In Fig. 4.3, I show the edges of the projections of the C.L. regions into the
mxYx vs. Tx plane. By projection, I mean taking the lowest C.L. value for a fixed
point (7x, mxYx) as n varies.

The lower mx Yy region, i.e., mxYx ~ 1071* GeV, corresponds to SBBN, since
there are not enough high-energy photons to affect the light-element abundances.
It is notable that these regions are outside of the 68% C.L. This fact may suggest
the existence of a long-lived massive particle X, and may be regarded as a hint of

physics beyond the standard model or standard big-bang cosmology.
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For example, in Fig. 4.4 I show the predicted abundances of *He, D/H, "Li/H,
and SLi/H, adopting the model parameters 7x = 10° sec and mxYx = 5 x
10~'° GeV. This point lies within the 68% C.L., as seen in Fig. 4.3. The predicted
abundances of *He and "Li are nearly the same as in SBBN. Only D is significantly
destroyed; its abundance decreases by about 80%. At low n ~ (1.7 — 2.3) x 10710
in this model, the predicted abundances of these three elements agree with the
observed values. It is interesting that the produced ®Li abundance can be two
orders of magnitude larger than the SBBN prediction in this parameter region.
The origin of the observed SLi abundance ¢Li/H ~ O(10~'2) is usually explained
by cosmic ray spallation; however, my model demonstrates t.he possibility that
Li may have been produced by the photodissociation of “Li at an early epoch.
My ®Li prediction is consistent with the upper bound Eq. (3.6).

Although mxYx 2 1071° GeV is ﬁreferred, it is worth noting that SBBN lies
within the 95% CL agreement between theory and observation. In Fig. 4.3, the
95% bound for 7x S 10° sec cbmes from the constraint that not much more than
90% of the deuterium should be destroyed; for Tx 2 10° sec the constraint is that
deuterium should not be produced from *He photofission. In Table 4.1, I show the
representative values of mxYx that correspond to the 68% and 95% confidence

levels respectively, for Tx = 10* — 10° sec.

High QAS D/H (y5** = (1.9 £0.5) x 107%)

In the case of low He and high D/H, SBBN (i.e., low mxYx) works quite well
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Tx = 10* sec  10° sec  10° sec 10" sec 10% sec 107 sec
95% C.L. 9x10™°  9x107°  Ix10™°® 7x107"" 2x10™% 7x107B
68% C.L. {}}x107% {i}x107° {3}x10~%

Table 4.1: Upper or (lower — upper) bound on mxYx in units of GeV for the case
of low *He and low D/H. Note that the C.L. is for three degrees of freedom, and
7 is varied to give the extreme values for mxYx.

for n ~ 2x 10719, Thus, I expect that I can strongly boundvthe parameter space of
the X-decay model. In Fig. 4.5, [ show the 68% and 95% C.L. contours for some
representative values of . At low 7, I obtain an upper bound on *He, primarily -
from the constraint on D /H (Fig. 4.5a).

There are also allowed (at better than the 68% C.L.) regions of parameter
space at higher values of eta (see Figs. 4.5b-4.5d). These allowed regions lie at

6 sec where a small amount of He is broken down into D. However, these

Tx 2 210
allowed regions are small, because the parameters must be ﬁnely tuned to target
the D/H abundance to ~ O(107%).

In Fig. 4.6, I show the contour plots for some representative 7x in the same
manner as in Fig. 4.2.

In Fig. 4.7, 1 plot the contours projected along the 7 axis in a fashion similar
to Fig. 4.3. Comparing the constraints on 7x and mxYx with the case of low
D/H (Fig. 4.3), I find that the 95% boundary is moved to higher mxYx, for

® sec. This is because D (produced by He destruction) is permitted to be

TX ~ 10
an order of magnitude more abundant than in the case of the low D/H observation.

I show the 68% and 95% C.L. upper bounds on mxYx in Table 4.2 for various
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Tx = 10* sec 10° sec 10° sec 107 sec 10% sec 10° sec
95% C.L. 5x107% 5x1077 6x1071¢ 5x10-10 7x10-1I 4xi0~U
68% C.L. 3x107% 3x10™? 3x1071 4x1071® p5x10-1! 3x10-!!

Table 4.2: Same as Table 4.1, except for low ‘He and high D/H.

lifetimes 7x.

4.2.2 High *He (Y = 0.244 =+ (0.002)t0¢ = (0.005) 1)

The high observed *He abundance [Eq. (3.4)] is consistent with the SBBN theo-
retical calculations for both the low and high observed D/H abundances [Eqgs. (3.1)
and (3.2)]. Therefore, I expect to be able to constrain the model parameters in

both cases.

Low QAS D/H (yg* = (3.39 £ 0.25) x 107°)

For four representative n values (2 X 10“10,;1 x 107105 x 10719,6 x 10719), I
plot the contours of the confidence level in Fig. 4.8. In Fig. 1.2, one can see that
the SBBN calculgtions agree with the observed abundances for mid-range values
of the baryon-to-photon ratio ( ~ 5x 1071%). Thus, the upper bound for mxYx is
plotted in Fig. 4.8c. Even at a low 7 (where the SBBN calculation disagrees with
the low observed D/H value), the theoretical calculations can match observed data
in the region 10% sec S 7x S 10° sec and mxYx 2 10710 because of the significant

destruction of D. In Fig. 4.9, I show the C.L. plots for three typical lifetimes,

Tx = 10%,10%,10% sec. Finally, I show the C.L. contours projected along the n




Tx = 10* sec 10° sec 10° sec 107 sec 10° sec 10° sec
95% C.L. 7x107° 7x107% 8x1071° 1x10"¥® 8x10~2 3x107 1
68% C.L. 5x10°% 5x107% 6x10710 8x10~M 4x10~12 2x10712

Table 4.3: Same as Table 4.1, except for high *He and low D/H.

axis into the mxYx vs. 7x plane (Fig. 4.10). Table 4.3 gives the upper bounds
on m XYX. (in GeV) that correSpond to the 68% and 95% C.L., for some typical

values of the lifetime.

High QAS D/H (2% = (1.9 + 0.5) x 107%)

As in the low-D/ H case, I now plot C.L. contours for high D/H for four typical
values of 7 in Fig. 4.11. Since the high f*He and high D/H observed values are
consistent with SBBN calculations for low 7, I expect to obtain bounds on 7x
and mxYx (e.g., , Fig. 4.11a). In Figs. 4.11b - 4.11d, I see that I also have
allowed regions for 7x 2 10° sec. The reason is same as in the case of low *‘He and
high D/H; the final D/H abundances are well-balanced between production and
destruction.

In Fig. 4.12, I plot the confidence level for 7x = 10%,10% and 10° sec. The
range of preferred 7 at the 68% C.L. is relatively narrow, compared to the case of
high D/H and low *He. This is because the case of high D/H and high *He is only
consistent in SBBN for low values of , and in the lifetime range 7x ~ 10* — 108,
the “He abundance is not affected Ey the radiative decay of X.

Next, [ show the 68% and 95% C.L. contours projected along the 7 axis
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7x = 10 sec 10° sec 10° sec 107 sec 10% sec  10° sec
95% C.L. 2x107% 3x10=° 3x107 4x10~" 5x10~! 3x10~"
68% C.L. 5x107 6x1071° 7x107!! -2x10~ 1x10~' 2x10°"

Table 4.4: Same as Table 4.1, except for high *He and high D/H.:

(Fig. 4.13). There is a large region between the 68% C.L. and the 95% (for a
fixed 7x) for two reasons. First, the uncertainty in the high observed D/H value
is large. Second, the 7 predicted from the high observed *He value has a wide
spread. The overall shape of the 95% C.L. line is very similar to the case of low
“He and high D/H. This is because the conbstra,int for 7x 2 10;3~ sec is particularly
sensitive only to the observed D/H value.

Just as in the case of low *He, the 95% C.L. contour for the high D/H value
extends to higher mxYx than for the low D/H value, because the new D compo-
nent produced by *He destruction is allowed to be one order of magnitude larger
than in the case of low D/H. In Table 4.4, I liét the upper bounds on mxYx at

the 68% and 95% confidence levels, for various values of 7x.

4.3 Additional Constraints

I now mention additional constraints on my model. First, the the cosmic
microwave background radiation (CMBR) was observed by COBE (2] to very
closely follow a blackbody spectrum. This gives us a severe constraint on particles

with lifetime longer than ~ 10% sec [77], which is when the double Compton
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process (y + e~ = v+ v+ e~) freezes out [78].! After this time, photon number
is conserved, so photon injection from a radiatively decaying particle would cause
the spectrum of the CMBR to assume a B‘Qse—'Einstein distribution with a finite
chemical potential 4. COBE [2] observations give us the constraint x| S 9.0x1075.
For small y, the ratio of the injected to total photon energy density is given by

dpy/py ~ 0.71p. Thus, I have the constraint

] Lo

mxYx <6 x 1071° GeV (i—)— for 10° sec <7x <4 x 10" sec. (4.8)
~ 106 sec ~ T~

Note that for lifetimes Tx longer than 10° sec, the CMBR constraint is comparable
to or slightly stricter than the bounds from BBN that I have discussed above.

In this thesis, I have considered only radiative decays, i.é., decays to pho-
tons and invisible particles. If X decays to charged leptons, the effect is similar
to decay to photons, because the charged leptons also generate soft photons in
electromagnetic cascade showers. On the other iland, if X decays only to neutri-
nos, the constraints becomes much weaker. If, for example, X is thé gravitino in
the minimal supersymmetric standard model, then it decays iﬁto a neutrino and
its superpartner, the sneutrino. The emitted neutrinos scatter off the background
neutrinos, producing electron-positron pairs that trigger electromagnetic cascades.
But because the interaction between the emitted neutrino and the background

neutrinos is weak, the destruction of the light elements does not occur very effi-

!This constraint applies only to particles with lifetime shorter than ~ 4 x 1010 sec, which
corresponds to the decoupling time of Compton/inverse Compton scattering. After this time,

injected photons do not thermalize with the CMBR.
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ciently {79]. On the other hand, if X decays to hadrons, I expect that my bounds

would tighten, because hadronic showers could be a significant source of D, ®He,

SLi, "Li, and "Be [10]. In fact, even though I have assumed that X decays only
to photons, these photons may convert to hadrons in loop diagrams. Thus, the
branching ratio to hadrons is at least of order 1%, if kinematically allowed [11].

Therefore, my photodissociation bounds in this dissertation are conservative.




Figure 4.1: C.L. in the mxYx vs. 7x plane, for low value of “He and low value
of D/H. I take (a) n = 2 x 10712, (b) n = 4 x 107, (c) 7 = 5 x 107, and (d)
n = 6 x 10719, The shaded regions are ys/yz 2 0.5, and the darker shaded regions

are ys/y7 = 1.3.
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Figure 4.2: C.L. in the mxYx vs. n plane for various values of 7x, for low value

of *He and low value of D/H.
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Figure 4.3: Contours of C.L. projected along the 7 axis, for low value of *He and

low value of D/H.
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Figure 4.4: Predicted abundances of *He, D/H, "Li/H and ®Li/H at 7x = 10° sec
and mxYx = 5 x 1071 GeV. T have indicated the regions that are favored by
the low *He and low D/H observations. The dotted line denotes the 95% C.L.,
and the shaded region denotes the 68% C.L. The predicted ®Li abundance is two

orders of magnitude larger than it is in SBBN.
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Figure 4.5: Same as Fig. 4.1, except for low value of *He and high value of D/H.
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Figure 4.6: Same as Fig. 4.2, except for low value of *He and high value of D/H.
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Figure 4.7: Same as Fig. 4.3, except for low value of ‘He and high value D/H.
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Figure 4.8: Same as Fig. 4.1, except for high value of *He and low value of D/H.
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Figure 4.9: Same as Fig. 4.2, except for high value of *He and low value of D/H.
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Figure 4.10: Same as Fig. 4.3, except for high value of ‘He and low value of D/H.
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Figure 4.11: Same as Fig. 4.1, except for high value of “He and high value of D/H.
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Figure 4.12: Same as Fig. 4.2, except for high value of 4He and high value of D/H.
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Figure 4.13: Same as Fig. 4.3, except for high value of *He and high value of D/H.
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Chapter 5

Analysis Based on Proto-Solar Observations

In the preceding chapters, I have set BBN constraints on a long-lived,
radiatively-decaying 'particle by comparing the predictions of my theory to the
observed light-element abundances. I have taken my deuterium abundance from
observations of highly red-shifted quasar absorption systems. However, I was not
able to use 3He, because there are no primordial observations of that isotope.
Moreover, the existence of incompatible high and low measure‘menté of deuterium
in quasar absorption systems (QAS) casts some doubt on the QAS data.

In this chapter, I will repeat my analysis of BBN with a radiatively decaying
particle. However, this time I use proto-solar alnd interstellar-medium (ISM) ob-
servations of D and 3He (instead of QAS obsefvations of D). Since proto-solar and
ISM material is not primordial, I will have to make a few general assumptions
about the chemical evolution of D and ®He. In return for these assumptions, I
will get another constraint (3He) on the parameters (7x, mxYx,n) of my theory.
I begin by reviewing the proto-solar and ISM measurements of (D+3He)/H and
3He/H. Next, I explain how I modify my analysis to account for the chemical evo-
lution of D and 3He. Finally, I present my results (for both high and low ‘He, as

in the previous chapter).
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5.1 Proto-Solar Data on (D+°He)/H and 3He/H

Deuterium is very fragile, wvith a binding enérgy of just 2.2 MeV. Young stars
convert all of their D to to 3He through D(p,y)3He. Because of this, (D+3He)/H
is an easier quaﬁtity to evolve back in time than D /H.

- In its pre-main-sequence phase, before 3He began to be converted into “He, the
sun was fully convective. All' D was mixed down into the warmer, interior layers
of the sun, where it was converted into *He. But 30 Myr before the sun became
a main-sequence Star, the convection zone had shrunk to its present depth, viz.,
the outer 30% of the sun [80]. Since then, the *He/*He ratio on the surface of the
sun has remained constant. This *He on the surfacé of the sun today is the sum

of the proto-solar (indicated by ®) D and *He:

vm = 15+ RRCE)
_ (.’ﬂi_e) ("_si.i_s) X (5.2)
NH /o \TMHe/ today
(3He/4H§)my is measured in the solar wind; the proto-solar *He/H ié measured
in the sun’s surface [81]. The resulting value for the proto-solar abundance of D
and %He is [82, 12].

y$, = (4.09 £ 0.92) x 1075, (6.3)

As can be seen in Fig. 1.2, this value (gray box) favors high 7, if it is representative
of the primordial value.

The proto-solar *He/H abundance is taken from trapped gases found in mete-
orites. One has to be careful to take the “planetary” gases, which originated in
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the pre-solar nebula, rather than the “solar” gases, which were captured from the

solar wind, and hence have been processed in the sun. I use the value [82, 12]
y9 = (1.52 £ 0.34) x 1075, (5.4)

I have plotted the upper bound as gray arrows in Fig. 1.2, since the proto-solar
value is likely to be greater than the primordial value. The figure shows that
3He/H seems to exclude very small 5. This is only an intuitive argument; in the
next section, I describe my proper analysis that includes the joint evolution of D
and *He.

In addition to the proto-solar abundances of D and 3He, I will use the
interstellar-medium abundance of deuterium in my analysis."This abundance is

deduced through measurements of Lyman absorption lines to be [83]
ye™ = (1.6 £ 0.2) x 107°. (5.5)

Finally, I need the primordial and proto-solar mass fractions of *H [12]:

X = 0.76+0.02, (5.6)
X° = 0.70+0.02. (5.7)

Their ratio is
o = X®/X = (0.92 £ 0.04). (5.8)

5.2 Proto-Solar Analysis




As in the QAS analysis in Ch. 4, I will find the confidence level at which my
theoretical calculations of the abundances a™* = (y£*, y*, Y, log,, y&") agfee with
the abundances a® (y"”‘,y3 3 Yo%, logm y9%) deduced from observation. The
C.L. is again given by the integral (4.4) over the probability distribution function
(p.d.f) p®(Aa) of the difference between the the-oretical and observed abundances
(see Eq. (4.2)).

Instead of making the standard assumption (as I did in Ch. 4) that the the-
oretical abundances are independent, here I will allow them to have a gene;ral

multivariate p.d.f.:

exp [——%[a‘”‘ — ath);[c72);;[a™ - azh]j] ,

(5.9)

4
- 1 1
th(th, .th 2 —
p(a ya ,[O’ i')—‘( )
7 V2 ) \[det([0%]is)
where [07?];; is the inverse of the covariance matrix from Sec. 2.3.
The p.d.f. of the observed abundances is more complicated, because I need
to account for the chemical evolution of D and 3He. However, I can simplify the

problem somewhat, because *He and “Li still have independent, Gaussian p.d.f.’s:

P (a®) = pos(ys™, y¥%) x

pGouss (Yobs) 5 pGauss(jog o0bs) (5.10)

where the means and standard deviations of p§e*** and p$°“** depend upon the
parameters p = (7x,mxYx,n) of the theory. To find the joint p.d;f. of the
primordial abundances yg** and y$%, I use an analysis similar to that of Hata et
al. [84], which is based on the chem‘ical evolution model of Steigman and Tosi [12,
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85). First, I assume that stars convert all of their deuterium into *He. Therefore,
the ratio of the proto-solar abundance of D (mass fraction X9) to the primordial
abundance of D (mass fraction X3) is equal to the fraction f < 1 of gas that was
never part of a star: X§/X, = f. My second assumption is that an unknown
amount of 3He (primordial mass fraction X3, proto-solar mass fraction X9) is
produced in stars (in excess of the D that is destroyed), and that the amount of
3He that survives stellar processing and is returned to the interstellar medium is

given by the “survival fraction” gs, which is plausibly in the range [84]
0.25 < g3 < 0.50. (6.11)
This gives me a constraint on the proto-solar 3He:

X:? > X3+ (1 - f)g3(X3 -+ 3X2/2). (5.12)

Thus, I derive the following constraints on the primordial abundances yg®, y2** of

D/H and 3He/H:
oy < u3”, (5.13)
©
0 > (") + (4" ~ ays — agﬂ)yé"”
3
1
+y5uge( - 1), (5.14)

where a = X®/X is the ratio of the proto-solar and primordial mass fractions of

hydrogen. Since D decreases monotonically with time, I also have

o™ < us”, (5.15)
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where 3™ is the present-day D/H ratio in the interstellar medium.

For fixed g3, 0, ¥, y5™, and y§ = y$; — y§, I assume a flat p.d.f. for yg>, ysb,
subject to the constraints (5.13), (5.14), and (5.15). I weight these flat p.d.f.’s by
a top-hat p.d.f. for gs (see Eq. (5.11)) and by Gaussian p.d.f’s for 5, v9, v&™,
and «, where the means and st;andard deviations of these quantities are given in
Egs. (5.3), (5.4), (5.5), and (5.8). This gives me the p.d.f. for y$% ygb.

My confidence level is now calculated for four degrees of freedom a;, rather
than the three degrees of freedom in Ch. 4, because of the inclusion ofb?’He. Again,
the abundances af* are highly non-linear functions of the theory parameters p =
(rx,mxYx,n), so it does not make sense to integrate out a theory parameter to
reduce the number of degrees of freedom. Instead, I shall preseﬂt my resﬁlts using

the same projection procedure as in the previous chapter.

5.3 Results

The proto-solar measurements of D and 3He favor high 5. Therefore, SBBN
works well in the case of high ‘He, but not in the case of low SBBN. In the former
case, I can place upper bounds on my model parameters, while in the latter, I
investigate whether a non-standard scenario of BBN caﬁ work significantly better

than SBBN.

5.3.1 Low “He (Y% = 0.234 % (0.002)510: £ (0.005)55¢)

Fig. 5.1 shows the 95% C.L. contour computed using four elements (D, 3He,
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“He, and "Li). The contour is shown in the mxYx vs. Tx plane for several repre-
sentative baryon-to-photon ratios (p =2 x 10719, 4 x 107195 x 10710,6 x 10719).
The disjoint regions in Fig. 5.1a are an att;ifact of the low resolution of the plot;
the true allowed region is a single, long, thin strip. Note that for n = 6 x 10719,
no region is allowed at the 95% C.L. Moreover, no region is allowed at the 68%
C.L. for any 5. As in Ch. 4, the allowed region is consistent with the constraints
from SLi/"Li.

Since the proto-solar data favor high 7, as indicated by the gray lines in Fig. 1.2,
this case’is similar to that of the low QAS data (c.f. Fig. 4.1). In both cases, the
most favored region of parameter space is at 7x 108 sec, mxYyx 2 10710 GeV,
and n = 2 to 4 x 1071 (see Fig. 5.1a).

Another way to see the allowed region is in the mxYx vs. n plane at fixed
Tx, as in Fig. 5.2. The SBBN allowed ranée qf 7 is shown at small mxYx. In
the proto-solar case, lower 7 is allowed than in the low QAS case (c.f. Fig. 4.2),
because .the uncertainty in D/H is larger. At larger mxYXx, a lower 7 is allowed
(which produces more D and 3He), because high-energy pﬁotons photodissociate
D and ®He. However, the upper bound on 3He/H excludes .S 2 x 10719, At still
larger mxYx, all elements are overly photodissociated.

Fig. 5.3 shows the edge of the projection of the 95% C.L. region into the mxYx
vs. Tx plane. As in Ch. 4, I project by taking the lowest C.L. value as I vary
for each (7x, mxYx). In Table 5.1, I show representative values of mxYx that

correspond to the 95% C.L. upper bound for 7x = 10% — 10° sec.
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Tx = 10% sec 10° sec 10° sec 107 sec 108 sec 10° sec
95% C.L. 3x107% 1x10"% 6x10°10 2x10~13 3x10™ ¥ < i1x10™H

Table 5.1: Upper bound on mxYx in units of GeV for the case of low value of “He,
and prote-solar (D+°He)/H and *He/H. Note that the C.L. is for four degrees of
freedom, and 7 is varied to give the maximum values for mxYx.

There are two main differences between the proto-solar and low QAS cases.
First, because of their low binding energies, D and 3He together yield a stronger
constraint at high Tx than D alone, and they exclude the “finger” in Fig. 4.3 at
Tx ~ 3 x 10% sec and mxYx ~ 107'% GeV. Second, the four elements in the
proto-solar case provide a stronger constraint than the three elements in the QAS
case, so that no region is allowed at the 68% C.L. Thus, a radiatively decaying

particle does not provide a very good solution to the “crisis” of Hata et al. [84].

5.3.2 High “He (Y = 0.244 £ (0.002)¢4¢ + (0.005)5y5¢)

High observed “He favors high 7, so it is consistent with the proto-solar
(D+°He)/H and *He/H in SBBN (see Fig. 1.2). This case is similar to that of
high ‘He and low QAS D/H. Thus, I shall constrain my model parameters in this
case.

In Fig. 5.4, I show the 68% and 95% C.L. contours at (a) = 2 x 10719, (b)
n=4x10"1 (c) n=5x%x 10" and (d) n = 6 x 1071°. ‘Note that again, my
constraints are consistent with the shaded upper bounds from ®Li/"Li.

I predicted that this case would be similar to that of high *He and low QAS

D/H; however, Fig. 5.4 appears rather different from Fig. 4.8, especially panels
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Tx = 10* sec 10° sec 10° sec 107 sec  10° sec 107 sec
95% C.L. 3x10™°> 6x10~° 6x10719 1x1071? 1x1078 < 1x10°H
68% C.L. 1x10~%® 3x107% 3x1071% 3x1071¥ 3x1074 < 1x10~4

Table 5.2: Same as Table 5.1, except for high “He.

(b) and (d). The proto-solar case is more easily compared to the QAS case at
constant 7x, as in Fig. 5.5. vComparing this to Fig. 4.9, one can see that in
SBBN (low mxYyx), both cases favor  ~ 5 x 1071%, although the proto-solar case
allows a much wider range of . This is because the low QAS D/H value has
extremely small error bars. The other main difference between the two cases is
that low 7 is not allowed by the proto-solar data, even for the non-standard regions
(mxYx 2 1071° GeV). This is because of the upper bound on *He/H (see the gray
lines in Fig. 1.2).

Fig. 5.6 shows the C.L. contours projected along the n axis into the mXYX
vs. Tx plane. Note that the combination of (b+3He) /H and 3He/H provides a
strong bound at long lifetimes and forbids a “finger” near the center of the plot
(c.f. Fig. 4.10). Table 5.2 gives the 68% and 95% C.L. upper bounds on mxYx
for various of 7x.

As I discussed in Section 4.3, the blackbody spectrum of the cosmic microwave
background radiation imposes an additional constraint on X, for lifetimes 7x
longer than 10° sec (see Eqn (4.8)). However, the CMBR constraint is not as
strong as the limits set by the combination of (D+3He) /H and 3He/H for both

high and low *He. Hadronic decays of X would lead to stricter constraints on the
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model parameters mxYx, Tx, and 7, because hadronic showers lead to efficient

production of the light elements.
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Figure 5.1: 95% C.L. in the mxYx vs. 7x plane, for low value of *He, and proto-
solar (D+%He)/H and 3He/H. The allowéd regions lie (a) inside the contours,
and (b,c) below and to the left of the contours. I take (a) n = 2 x 1071, (b)
7=4x10" (c) n=5x 1071, and (d) n = 6 x 10719, The shaded regions are

Y6/y7 2 0.5, and the darker shaded regions are yg/y7 2 1.3.
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Figure 5.2: 95% C.L. in the mxYx vs. 5 plane for various values of 7x, for low value

of “*He, and proto-solar (D+>He)/H and 3He/H. The allowed regions lie within the

contours.
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Figure 5.3: 95% C.L. contour projected along the 7 axis, for low value of *He, and
proto-solar (D+2He)/H and *He/H. The allowed region lies below and to the left

of the contour.
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Figure 5.4: Same as Fig. 5.1, except for high value of *He. The solid line is the

95% C.L.; the dotted line is the 68% C.L.
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Figure 5.5: Same as Fig. 5.2, except for high value of *He. The solid line is the

95% C.L.; the dotted line is the 68% C.L.
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Figure 5.6: Same as F1g 5.3, except for high value of *He. The solid line is the

95% C.L.; the dotted line is the 68% C.L.
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Chapter 6

Models

So far, I have discussed general constraints from BBN on radiatively decaying
particles. In the minimal standard model, there is no such particle. However,
some extensions of the standard model naturally result in such exotic particles,
and the light-element abundances may be affected significantly in these cases. In
this section, I present several examples of such radiatively decaying particles, and
discuss the constraints.

In particular, I will consider particles in supergravity models [86]. Global su-
persymmetry (SUSY), a symmetry between fermions and bosons, is attractive
because it can solve the gauge hierarchy problelln (viz., how the electroweak scale
can be so much smaller than the Planck scale, despite renormalization). quer-
symmetry solves this problem because positive contributions from bosonic loop
integrals are precisely canceled by negative contributions from the corresponding
fermionic loop-integrals. When SUSY is gauged, it automatically includes gravity;

hence, local supersymmetry is known as “supergravity.”

6.1 Gravitino

My first example of a long-lived particle is the gravitino 1), which appears in
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all the supergravity models. The gravitino is the superpartner of the graviton,
and its interactions are suppressed by inverse powers of the reduced Planck scale
M, ~ 2.4x 10 GeV [87]. Because of this suppression, the lifetime of the gravitino
is very long. Assuming that the gravitino’s dominant decay mode is to a photon
and its superpartner (the photino), the gravitino’s lifetime is given by

2
Tajg 8:154* ~ 4 x 10° sec x(mg/e/1 TeV)™3, - (8.1)

3/2

where mg, is the gravitino mass. Notice that the gravitino mass is O(100 GeV —
1 TeV) in models in which SUSY breaking is communicated by gravity from a
hidden sector to the SUSY sector. Such a mass for the gravitino results in a
lifgtime that may affect the primordial light-element abundances.

If the gravitino is in thermal equilibrium in the early universe, then its energy
density is of order 7%, as given in Eq. (1.16). If the gravitino is not diluted,
then it matter-dominates the universe when the temperature falls below mg,.
This completely spoils the (near) success of BBN theory. Usually, this problem
is solved by introducing inﬂatioﬁ, which dilutes away the primordial gravitinos.
After reheating at the end of inflation, a smaller number of gravitinos are produced
through the scattering processes of thermal particlés. The abundance Y3, =

n3/2/ny of gravitinos depends on the reheating temperature T, and is given by [8]
Y ~ 3 x 107! x (Tr/10'° GeV). (6.2)

Therefore, if the reheating temperature is too high, then gravitinos are overpro-
duced, and too many light nuclei are photodissociated when the gravitinos decay.

91




My constraints on (7x, mxYx) from Chapters 4 and 5 can be transformed into
constraints on (msse, Tr). In Figures 6.1 and 6.2, I show the transformations of
the projected 95% C.L. boundaries from Flgs 4.3, 4.7, 4.10, 4.13, 5.3, and 5.6.
The proto-solar data yield tighter constraints on Tg for all ms/, than the QAS
data, particularly at low ms/, (long lifetimes). For several values of the gravitino
mass, I quote the most conservative (i.e., weakest) upper bound on the reheating

temperature from Figs. 6.1 and 6.2:

M2 =100 GeV (132 ~ 4 x 10® sec) : Tr<3x 10° GeV,
mgja =1TeV (130 =4 x10° sec) : Tr<1x10° GeV,

m3/2 =3 TeV (T3/2 ~1x 104 sec) : TR§3 X -1011 GCV

If the gravitino is heavy enough (ms/, 25 TeV), then its lifetime is too short to
destroy even D. In this case, my only constraint is from the overproduction of ‘He.
If the gravitino mass is lighter, then the lifetime is long enough to destroy D or

even *He. In this case, my constraint on the reheating temperature is more severe.

6.2 Bino

Another example of my decaying particle is the lightest superparticle in the
minimal supersymmetric standard model (MSSM) sector?, if it is heavier than

the gravitino. In many theories, the lightest superparticle is the “neutralino”—a

1The MSSM consists of the standard model particles, their superpartners, two Higgs bosons,

and their superpartners.




linear combination of the superpartners of the photon, Z boson, and Higgs bosons.
In these theories, the lightest neutralino can decay into a high-energy photon and
a gravitino. Thus, I may use BBN to constrain the MSSM.

The abundance (1.20) of the lightest neutralino is determined by the temper-
ature 7r at which it freezes out of the thermal bath. In a theory with heavier
sfermions?, the neutralino (mass m) has a smaller annihilation cross.section o,
so it freezes out at a higher temperature (when the annihila.tion rate falls below
the expansion rate: o(mTr)¥2exp(—m/Tr) ~ T S H ~ T2/M,), with a higher
thermal abundance. Thus, the upper bound on mxYx can be translated into an
upper bound on the mass scale of the sfermions.

In order to investigate this scenario, I consider the simpiest case where the
lightest neutralino is (almost) purely bino B (the superpartner of the U(1) gauge
boson B). In this case, the lightest ﬁeutralino pair-annihilates through squark
and slepton exchange. In particular, if the right-handed sleptons are the lightest
sfermioﬁs, then the dominant annihilation is B + B — I+ + [~. The annihilation
cross section of this process is given by [88]

2

m4 2mi 2mé&
Veat) = 8702 (2 B - B + B , 6.3
(o) = 81 1<”>{<m%+ma>2 CATAMC AT N

where (v2) is the thermal average of the square of the velocity of the bino, and

I have added the contributions from all three generations by assuming that the

2Squarks, sleptons, and sfermions are the respective superpartners of the quarks, leptons, and

standard model fermions.
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right-handed sleptons are degenerate.® With this annihilation cross section, the

Boltzmann equation for the number density of binos is given by

g+ 3Hng = —2(oum)(nh ~ (nE2)2), (6.4)

where nEQ

5 is the equilibrium number density of binos. The factor 2 is present
because two binos annihilate into leptons in each interaction. I solved this equation
and obtained the mass density of the bino as a function of the bino mass and th‘e
right-handed slepton mass. (For details, see e.g., Ref. [14]). Numerically, for
mz = 100 GeV, mxYx ranges from ~ 10~° GeV to ~ 107° GeV as I vary m;,
from 100 GeVto 1 TeV. If mxYx is in this range, thé primordial light-element

abundances are affected significantly, unless the lifetime of the bino is shorter than

10* - 10° sec (see Figs. 2.2 — 2.6). The lifetime of the bino is given by

-1
1 mcos® by 4 mp "% [ map )2
B [487r m Mz | 0 seex (wéw) (Tak) - ©9

Notice that the lifetime becomes shorter as the gravitino mass decreases; hence,
too much D and “Li are destroyed if the gravitino mass is too large. The constraints
given in Figs. 4.3, 4.7, 4.10, 4.13, 5.3, and 5.6 therefore become upper bounds on
the gravitino mass. Since the abundance of the bino is an increasing function
of the slepton mass mj,_, the upper bound on the gravitino mass is more severe
for larger slepton masses. For example, for mz = 100 GeV, the upper bounds

on the gravitino mass are shown in Fig. 6.3 and Fig. 6.4. For all values of the

3If the bino is heavier than the top quark, then the s-wave contribution annihilating into top

quarks becomes important. In this work, I do not consider this case.
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slepton mass, the QAS data give a much stronger constraint than the proto-solar
data. For some representative values of the slepton mass, the most conservative

constraints are:
ml‘n = 100 GeV : mzy/ 54 GeV,
my, =300 GeV : mg; <2 GeV,
my, =1TeV @ myp <700 MeV.

‘As expected, for a larger value of the slepton mass, the primordial abundance of

the bino gets larger, and the upper bound on the gravitino mass becomes smaller.

6.3 Modulus

Another interesting source of high-energy photons is a modulus field ¢. Moduli
are massless scalars that arise in string-inspired supergravity theories due the
compactification of extré, spatial dimensions. Al modulus field acquires mass from
SUSY‘breaking. In many models, the modulus mass my is of the same order as
the gravitino mass (see for example [89]); with such a mass, the modulus is a
candidate for my long-lived, massive X particle.

The equation of motion of a modulus with a simple quadratic potential in an

expanding universe follows from conservation of energy-stress T%,,, = 0 [14]:
¢+3H¢+Tep+mip =0 (6.6)
In the early universe, the mass of the modulus field is negligible compared to the

expansion rate of the universe. Thus, the modulus field is a strongly-overdamped
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harmonic oscillator, so the modulus amplitude may sit far from the minimum of
its potential. Since the onlj scale parameter in supergravity is the Planck scale
M., the initial amplitude ¢q is naively expected to be of O(M,). However, this
initial amplitude is too large; the modulus would matter-dominate the universe,
and photons from its decay would distort the spectrum of the cosmic microwave
background radiation. In this model, I regard ¢ as a free parameter on which I
can set an upper bound.

Once the expansion rate becomes smaller than the mass of the modulus field,

the modulus field begins to oscillate. Assuming homogeneity, the energy density

and pressure are
1., m?
po = b+ ¢ , (6.7)
1, m?
P = 54’2— —2'¢2 (6.8)

The average of the pressure over a period is zero; the average of the energy density

is (q.Sz), so the averaged energy density evolves as
Ps+3Hpy +Typs = 0. (6.9)

Therefore, p, red-shifts as a=> (where a is the scale factor), and the oscillating
modulus behaves as non-relativistic matter. The modulus eventually decays when

the expansion rate becomes comparable to its decay rate

1 mg/z 1 m3/2 8
= — o . 6.10
Lo T 8wM? 4 x10° sec % (1 TeV) (6.10)

Without entropy production from another source, the modulus density at the
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decay time is approximately

mgYy = ;’Li ~ 5 x 100 GeV x (my/1 TeV)%(¢o/M,)>. (6.11)
Y

As in my other models, I can convert my constraints on (Tx,mXYX) (Figs. 4.3,
4.7, 4.10, 4.13, 5.3, and 5.6) into constraints on (my,dg). For small mz/; (long
lifetimes), the proto-solar data give a tighter constraint, because too much 3He is
dissociated. But for higher masses, the QAS data give a slightly stronger con-
straint. Using the most conservative of these 95% C.L. constraints from Figs. 6.5
and Figs. 6.6, I still obtain very stringent bounds on the initial amplitude of the.

modulus field ¢q:

mg =100 GeV (75 ~ 4 x 10® sec) : ¢ <1 x 108 GeV,
mg=1TeV (74~4x10% sec) : o <5 x10° GeV,

mg =3 TeV (15~ 1x10* sec) : ¢ <2x 10" GeV.

Clearly, my upper bound from BBN rules out the naive expectation that ¢g ~ M,.
It is important to notice that (conventidnal) inflation cannot solve this difficulty
by diluting the coherent mode of the modulus field. This is because the expansion
rate of the universe is usually much larger than the mass of the modulus field, so
the modulus field has not yet begun to oscillate. Thus, the modulus has constant
é.mplitude and energy density throughout an early inflationary epoch. One attrac-
tive solution is a thermal inﬂétion model proposed by Lyth and Stewart [90]. In
the thermal inflation model, a late mini-inflation of about 10 e—folds reduces the
modulus density. Even if thermal inflation occurs, there may remain a significant
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modulus energy density that decays to high-energy photons. Thus, BBN gives a

stringent constraint on the thermal inflation model.
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Figure 6.1: Contours of 95% C.L., yielding an upper bound on the reheating
temperature, as a function of' the gravitino mass. QAS data are used for the

observed D/H ratio.

102 103
|| T H 1 LI III T T ?\L:-
--- Low *He & Low D
102 & — — Low *He & High D g 10%
- ——— High 4He & Low D ;
101 o High *He & High D R
__ 1010 _; 1010
2 z
S 100 - 10°
e ;
108 E 108
107 - 107
106 3 109
105 I L1 1” 105

99




Figure 6.2: Contours of 95% C.L., yielding an upper bound on the reheating
temperature, as a function of the gravitino mass. Proto-solar data are used for

the observed D/H and (D+%He)/H ratios.
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Figure 6.3: Contours of 95% C.L., yielding an upper bound on the gravitino mass,

as a function of the right-handed slepton mass. QAS data are used for the observed

D/H ratio.
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Figure 6.4: Contours of 95% C.L., yielding an upper bound on the gravitino mass,
as a function of the right-handed slepton mass. Proto-solar data are used for the

observed D/H and (D+3He)/H ratios.
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Figure 6.5: Contours of 95% C.L., yielding an upper bound on the the initial
modulus amplitude ¢y, as a function of the modulus mass. QAS data are used for

the observed D/H ratio.
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Figure 6.6: Contours of 95% C.L., yielding an upper bound on the the initial
modulus amplitude ¢, as a function of the modulus mass. Proto-solar data are

used for the observed D/H and (D+*He)/H ratios.




Chapter 7

Conclusion

I have discussed the photodissociation of light elements due to the radiative
decay of a massive particle, and I have shown how I can constrain my model
parameters from the observed light-element abundances. I adopted two quasar
absorption system (QAS) D/H values, as well as solar-system data for D/H and
3He/H. For each of these, I have used two He values.

I present my results in terms of the confidence level at which each theoret-
ical parameter set (i.e., the set of properties of a radiatively decaying particle)
is excluded by the observed abundances. My algorithm for computing the con-
fidence level is consistent and general enough to apply not only to the scenarios
investigated in this work, but also to many other non-standard theories of BBN.

When I adopt the low *He and low QAS D/H values, I find that a non-MBhing
amount of such a long-lived, massive particle is preferred: mxYx 2 10™1° GeV for
10* secS7x S 106 sec. On the other hand? consistency with the observations
imposes upper bounds on mxYyx in each of the four QAS cases.

Proto-solar (D+3He)/H and proto-solar 3He/H prefer high 5, just as low QAS

D/H, so these cases (both high and low *He) resemble my analyses for low QAS

D/H. However, in order to compare these observations to my theoretical calcula-
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tion of the primordial light-element abundances, I need to extrapolate the obser-
vations back to the primordial abundances. To this end, I use the very general
chemical evolution model of Steigman and Tosi {12]. With only a few mild assump-
tions, I find that for low “He, a non-vanishing abundance of long-lived, massive
particles is slightly preferred. And in both the high and low *He cases, I can
impose upper bounds on mxYx.

In deriving these results, I have included the uncertainties in the light-element
abundances due to the uncertainties in the nuclear reaction rates. To accomplish
this, I used two algorithms: Monte-Carlo, and linear propagation of errors. Linear
propagation of errors is much faster, and I have demonstrated that it yields re-
sults comparable to those of the Monte-Carlo throughout my non-standard BBN
parameter space (to within a 16% difference in the error).

Another issue I have investigated is the impm:tance of the correlations between
the abundances of various elements, as the reaction rates are varied. Conventional
wisdom is that these correlations may be neglected, thus simplifying the calcula-
tion. However, it has been pointed out [56] that the correlations between elements
can be quite large. To resolve this question for my model, I performed my analysis
| with and without correlations, and compared the results. I found» that correlations
can safely be neglected, because they are large only in regions that are excluded -
by a large disagreement between theory and observation.

I have also studied the photodissociation of “Li and °Li in this dissertation.

These processes do not affect the D/H and “He abundances, because "Li/H and
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SLi/H are many orders of magnitude less abundant than D/H and *He. When
I examine the region of parameter space where the predicted abundances agree
well with the observed Li/H, the low “He, and the low QAS D/H or proto-
solar (D+3He)/H observations, I find that the produced °Li/H may be of order
10712, which is two orders of magnitude larger than the prediction of SBBN (see
Figs. 2.5 and 4.4). The predicted ®Li is consistent with the observed upper bound
Eq. (3.6) throughout tile region of parameter space in which I am interested.
Although currently it is believed that the observed 8Li is produced by spallation,
my model suggests another origin: the observed Li may be produced by the
photodissociation of “Li.

Finally, I have discussed candidates for my radiatively decaying particle. My
first example is the gravitino. In this case, I can constrain the reheating temper-
ature after inflation, because it determines the abundance of the gravitino. I ob-
tained the stringent bounds Tg < 10® GeV —10° GeV for 100 GeV S mg/p S 1 TeV.
My secbnd example is the lightest neutralino that is heavier than the gravitino.
When the neutralino is the lightest superparticle in the MSSM sector, it can de-
cay into a photon and a gravitino. If I assume the lightest neutralino is pure
bino, and its masé is about 100 GeV, then the relic number density of binos is
related to the right-handed slepton mass, because binos annihilate mainly through
right-handed slepton eichange. For this case, I obtained an upper bound on the
-gravitino mass, ms/; <700 MeV — 4 GeV for 100 GeV S myi, <1 TeV. My third

example is a modulus field. I obtained a severe constraint on its initial amplitude:
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6o S 108 GeV — 10° GeV for 100 GeV S majs S1 TeV. This bound is well below

the Planck scale, so it suggests the need for a dilution mechanism, such as thermal

inflation.
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