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Group 11.

1 Problem 3.5 { Sus<bind)

[n general, the transition matrix for three vacua is

—710 — Y20 o1 Yoz
['= Y10 =TY0l, = T2
Y20 Y21 —7e2 V12

Since the vacuum 0 is terminal, vp = 790 = 0 and the matrix takes form

0 Yol 02
=10 —7y:1— 7 Y12 : @)
0 Y21 —~%gn ==Y19

Clearly, the matrix is singular and the vector

1
v=| 0
0
satisfies 'v = 0, and therefore v is the normalized eigenvector with eigenvalue A = (.

Now we will show that two remaining eigenvalues are real and negative, assuming all
~ factors in (1) are strictly positive. The characteristic polynomial is

det (T = AZ) = =A [N + Alyor + Yoz + 712 + 721) + (Yor iz + 1av02 + Yo2va)] -
Let Ap, Ay be two zeroes of the polynomial in square brackets. IMirst we show that they
are real. In order to do so, we want to show that
(Y01 + Yoz + Y12 + 721)* — (Y0172 + Y1702 + Vo2 Y1) > 0.
We have

0 < (vor + 72— Yo2 — ’)f'zl)2 + A2y
9

= 731 + Vi = Vo — 1/31 + 2(yo1712 + Yoay21 + Yi2¥21 — Yo1Yoz — Yo1Y21 — Y1270z
= (Yo1 + Y02 + 712 + 721)2 — 4(vo1712 + Yorvor T Yo2yet)-

Now we can apply Vieté’s formulas to find

M+A = (e +72+91) <0,
AtAe = Yoz + YorYoz + YozYar > 0,

from which follows that A, Ay < 0.

Finally we show that the probability of finding the vacua 1 and 2 decreases to zero,
but the total number of the vacua grows, as long as all transition amplitudes are small.
To do it, we add the number of vacua 1 and 2 together and we denote it by Ny, We arrive
at the problem of decay 1,2 — 0, with some cumulative rate of decay vy 12(f). However,
this rate depends on time now, since we can write

Yo12(n) = yo1 P(we are at 1 at step n) + yp2P(we are at 2 at step n)



and estimate
min (o1, Yo2) € Yo,12(n) < max(yor. Yo2)

tor each n = 0,1,2,.... We arrived at the problem discussed during the lecture so we can
directly write the probabilities of finding vacua 0 and 1 or 2,

Pyl
.Pl)(

n+1) = Fyn) (1+y12n).
n+1) = Ppn) (1-vy12n)).

The probability of finding the vacuum 1 or 2 decreases exponentially,
Ppa(n) < (1 — min(vyo1, v02))", 71 E05 L s
but the total number of the vacua is
Nia(n) = Pia(n) - 2°™ > [8 (1 — max (o1, y02))]"

and grows infinitely, as long as vp12(n) < 7/8, which is satisfied since g 12(n) < vo1, Yoo
are small.
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Problem Solution: Zaldarriaga 5 (by Group 11)
(Dated: July 29, 2011)



The aim of this problem is to investigate how the CMB—power-spectrum acoustic peaks
depend on the contents of the universe. For this purpose, we use CAMB online tool
(http://lambda.gsfc.nasa.gov/), to generate three figures, each of which illustrates how vari-
ations in Qph%, Qunmh?, and Q;, respectively, affect the temperature power spectrum.

The plots show WMAP-7 measurements of the T'T power spectrum with corresponding
error bars, and the CAMB-generated T'T power spectra, for three different cosmologies. In
each figure, we vary only one of the above mentioned () parameters, while holding all other
parameters fixed to the best-fit WMAP-7 values. The black curves represent the best-fit,
the green curves are produced using a value for €2 that is smaller than the best-fit value,

and the red ones using a larger value (see Table I for numbers).

varied parameter |Qyh? (Fig. 1)|Qgnh? (Fig. 2)|Q (Fig. 3)

black (best fit) 0.0226 0.114 0
green 0.0126 0.08 -0.1
red 0.0326 0.214 0.1

TABLE I: Parameters used to generate the theoretical T'T power spectra for Figures in this solution.

We see that adding baryons increases the amplitude of the odd peaks (relative to the even
ones); this is "baryon loading”: adding baryons deepens the potential wells, and enhanses
the amplitude of the ”compressed” modes (odd peaks), relative to those that were most
diluted at the time of last scattering (even peaks). Reducing dark matter content reduces
the driving force for the acoustic oscillations, and so the overall amplitude of the acoustic
peaks falls down sharply. Finally, changing the curvature changes the angular diameter
distance to the last scattering surface, and thus shifts the position of the first acoustic peak
(adding positive curvature, for a fixed physical distance, leads to a smaller angular scale on
the sky, and the first peak shifts to larger L multipoles; this is equivalent to reducing the
amount of Qy =1 — (g + Qam + ).

From these plots, we can guessestimate the precision with which each of these three
cosmological parameters is measured using just WMAP-7, by seeing how much wiggle-room
we have before these curves no longer seem to fit the data. We see that the level at which

the best-fit values can vary, and still be acceptable at 1-o confidence level is, very roughly,
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FIG. 1: Varying €.
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FIG. 2: Varying Qg,,.

5%. For a more precise analysis, see Komatsu et al., 2010.
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FIG. 3: Varying Q.
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