AST 324
HOMEWORK #3 SOLUTIONS

We should consider conservation of charge, lepton number, and baryon number.

For reaction 1) N p+e+V ¢
charge 0=+1+(-1)+0=0 v
lepton # 0=0+1-1=0 v
baryon # 1=1+0+0=1 v

so 1) can occur; it isnormal neutron decay. Note that the antineutrino (V ¢) has alepton
number of -1.

For reaction 2) p+pld p+n
charge 2= 1+1#1+0=1 X

so 2) isruled out because charge is not conserved.

For reaction 3) p+p0 p+p+p+p
charge 2= 1+1=1+1+1-1=2 v
lepton # 0+0=0+0+0+0 v

baryon# 2=1+1=1+1+1-1=2 v

so 3) ispossible. Note that the two protons must collide with sufficient energy to create
the mass of theextrap +p .

For reaction 4) pt+u 0 y+y
charge 0= 1+(-1)=0+0=0 v
lepton# 0=1+(-1)=0+0=0 v
baryon # 0+0=0+0 v

so 4) ispossible.

For reaction 5) p+eldy+y
charge 0=+1+(-1)=0+0=0 v
lepton # 0+1#0+0 X
baryon # 1+0£0+0 X

so reaction 5) is not possible since it would violate both lepton and baryon number
conservation.



When the temperature of the Universe drops below T = 6 x 109 K, photons no longer
have enough energy to produce electron-positron pairs. But electrons and positrons can

gtill annihilate, so all the positrons annihilate, leaving the onein abillion (1/109) excess
of electrons. The energy released slows the cooling of the Universe, but the neutrinos
have decoupled so they are somewhat cooler than the other constituents from this time
onward.

For pair production we need energy E = kT, and photon energy isgiven by E = hv, so

_thh da _i _ ch
Vth = h an th—Vth KT

Using the handout on physical constants,

Aer = 3x1010cms16.6x 102/ gmenésl 143 cm 9M cm? 52
= 138x 106 ergsk-1+6x 109K  6x 109 gm cm?2 s2
=24x1010cm.

Since E is greater for higher v or lower A, any photons with wavelength lessthan A, can
cause pair production. Comparison to the handout on the electromagnetic spectrum
shows that these are gamma-rays (y-rays).

If we need enough energy for muon pair production, and muons are 200 times more

. . AM 2 . .
massive than electrons, Tin(K) = Ttn(€) x 200 since Ty = TC and AM is 200 times
larger for muons, so

Tin(l) = 200 x 6 x 109K = 1.2 x 1012 K.

The temperature of the Universeisinversely proportional to its size scale, and during

. _ : . 1
these early times the size is proportional to the square root of thetime (t¥2). So T O Y

1 . . . :
O ﬁ 0 t-Y2, Alternatively, we could notice that in the early frames of the first three

minutes, each factor of 10 in time decreases the temperature by a factor of about 3,
or410 . Thus, t O T-2, so the age of the Universe when T = 1.2 x 10-12 could be

calculated from the time at the first frame, for example, whent = 0.01 sec and T = 1011
K.
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At early times, at ~ 0.01 sec, the temperature of the Universe isfar above the threshold
temperature for reactions that turn protons into neutrons, so there are roughly equal
numbers of each. Astime goes on, the temperature drops. When T = Ty = 1.5 x 1010
K, the ratio of neutronsto protons would be

so the Universe is about 75% protons and 24% neutrons (frame 3, t = 1 sec).
If we used the same formula at 3 min, 46 sec, when T = 9 x 108, we would compute

N 15x-100/9x10® _ _-1.5/0.09

-16.7
=€ =e =e
p

~ 59x 108,

In fact, theratio is not that low because the density has dropped to the point that
collisions are not frequent enough to establish thermal equilibrium (some neutrons
survive by avoiding collisions with et or v). The neutrons still aren't safe because they
will decay in about 15 mins. The net result is that about 13% of the baryons are neutrons
at 3 min 46 sec when nucleosynthesis begins. Once the neutrons arein d or He, they
don't decay.



