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(b)(Using(Ned(Wright's(CosmoCalc((θ(in(arc(seconds)(

( Redshift( θ((for(Ωm(=1((((((θ((for(Benchmark(Model(

( ((((0.1( ( (((((((((2.85"( ( 2.71"(

( (((((1( ( (((((((((0.82"( ( 0.62"(

( (((((5( ( (((((((((1.22"((((((((((((((((((((((0.80"(

(

The(basic(pattern(is(that(as(z(increases(the(angular(size(first(decreases,(and(then(it(

grows(larger.((These(numbers(were(calculated(for(Hubble(parameter(h=0.70.(
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(((Solution(((((

((((((In(the(usual(treatment,(Yp(=((2(0.15)(0.74)(=(0.22,(which(becomes(0.24(including(

the(dependence(on(the(baryonUphoton(ratio(nb/nγ(and(agrees(with(observations.(

((((((With(10x(shorter(neutron(lifetime,(a(much(smaller(fraction(of((neutrons(((((((((((

exp(U269s/89s)(=(0.0487(survives(decay.((The(rest(of(Big(Bang(Nucleosynthesis(

is(by(assumption(unchanged,(so(the(primordial(4He(mass(fraction(Yp(=(2Xn(=(

2(0.15)(0.0487)(=(0.015(=(1.5%.(((This(would(badly(disagree(with(observations!(
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Solution(

To(estimate(the(final(relic(density,(follow(Dodelson's(treatment(on(pp.(73U

77.((Dodelson(defines(Y(=(nX/T3(=(nX/s(where(nX(=(number(density(of(XU
particles((the(protons(and(antiprotons(in(this(case)(after(annihilation(

freezes(out,(and(s(=(T3(is(the(entropy.(((

Dodelson's(eq.((3.56)(is(Y∞(≃10H(mp)/[mp
3⟨σv⟩](=(asymptotic(value(of(Y,(

where(H(mp)(=(Hubble(parameter(when((T(=(mp.((Since((H2(=(8πGρ/3(((((((((((((
=((8π/3)(g*T4/mPl

2(,(it(follows(that(H(mp)(≃ g*1/2(mp
2/mPl(.(

Since(the(length(scale(of(the(strong(interactions(is(roughly(ħ/mπc(=(1/mπ(≃(
1(fm,(a(reasonable(rough(estimate(for(the(annihilation(cross(section(is(

⟨σv⟩≃(mπ
U2(≃(10U2(mp

U2(

Then(Y∞(≃(10(g*1/2(mp
2/mPl)(/(mp

3(mp
U2(102)(~(mp/mPl(~(10U19(.(

In(the(real(Universe(with(a(matterUantimatter(asymmetry,(Yp(=(np/s(≃(10U9(
and(Ωb(≃(0.044.((The(baryonUantibaryon(abundance(in(a(baryonUantibaryon(
symmetric(universe,(where(freezeout(of(baryonUantibaryon(annihilation(

determines(the(abundance,(is(about(10U10(of(that,(i.e.(Ωb(~(4×10U12.(Tiny!(((
If(the(abundance(is(given(by(10U19(~(exp(Ump/Tf)(,(this(implies(that(Tf(~(
40/mp((~(25(MeV.(

There(is(a(more(detailed(treatment(of(this(in(Kolb(and(Turner,(p(127,(with(a(

very(similar(answer.((Dodelson(says(that(for(WIMP(dark(matter(freezeout((((

xf(≃(m/Tf(≃(10,(where(Tf(is(the(freezeout(temperature,(but(Kolb(and(Turner(
find(Tf(≃(mp/40(~(25(MeV(for(the(case(of(the(freezeout(of(baryonU

antibaryon(annihilation.(

The(tiny(abundance(of(baryons(in(a(matterUantimatter(symmetric(universe(

is(why(cosmologists(are(convinced(that(there(must(be(an(asymmetry(

between(matter(and(antimatter.(
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