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Chapter 1

In Section 1.5, on page 10, in equation 1.63: The index ¢ should be k.
In Section 1.5, on page 11, equation 1.70 should be
Tr(a') = Tr(u ' au) = Tr(auu™t) = Tr(a).
(Thanks to Spencer Dimitroff.)

On page 83, a better statement of exercise 1.40 of Chapter 1 is:
The coherent state |{a(k,()}) is an eigenstate of the annihilation operator
a(k, ) with eigenvalue a(k, () for each wavenumber k and polarization ¢

a(k, O){a(k, 0)}) = a(k, O)[{a(k, 0)}). (1)

The positive-frequency part Eﬁ) (t,x) of the electric field is a sum over k

and ¢ ,
ES => ) alk, ) ei(k, ) ¢ FTD (2)

k(=1
in which e(k,?) = k x €(k,!) and €(k,{) is proportional to a polarization
vector. Show that |[{ay}) is an eigenstate of Ei(ﬂ (t,x) as in (1.490) and find
its eigenvalue Ei(+) (t,x).



Chapter 2
On page 85, between equations (2.10) and (2.11)

éj = e/hj should be éj = ej/hj.

On page 89, equation 2.36 should be (Thanks to Spencer Dimitroff)

and equation 2.38 should be

dS = hiédu; x hjé;du; = Y ey, &y hihy dudu;.
k=1

Chapter 3

In the top line on page 114, ¢; = 0 should be f, = 0.

In the line immediately after equation (3.113), ¢o,, = 0 should be fs, = 0.

Chapter 4
On page 135 of Section 4.3, equation 4.49 of Example 4.4 should be
8 (x — xo)
og(r)) = — —————,
96D = = )

and as noted there, this relation holds only if zq is the only root of g(z) and
g(z0) = ¢'(z0) =0, and if f € C* and f(zy) = 0.

Section 4.10, example 4.13, page 147: In equations 4.135—4.139, the pref-
actor 7 should be 771, The last line of equation 4.138 is then

L{t) sin(wtl);(c:ijg)s(wt)




Chapter 5

On page 171 in equation 5.95 of example 5.12 of Section 5.9, each of the two

occurrences of AE should be 2R E.

Chapter 6

On page 199 of Section 6.7, equation 6.72 should read
= ‘Z B Zo‘n n) |Z B ZD|
) el PR G Z -
n=0

Chapter 7

In the fourth line on page 254 in example 7.7 of Section 7.3, the inline equa-

tion for f(p, ¢, z) should be

F(p,6,2) = Ju(ap)ein®ee™.

Also on page 254, the first sentence after equation 7.35 should be: The first
and last terms are functions of r, and the two middle terms are functions of

6.
On page 255, equation 7.39 should be
0 0
o.f = / and 0f = / . so 0°f = —0of.
ox® oz,
On page 272 of Section 7.13, equation 7.167 should be
ds oS 85 85
=22
On page 279, the second line should be, “in which x1 = @9, 29
T3 =2x.”

=13, and



On page 281 of Section 7.20, equation 7.217 should be

n dky
0 == Z Ck tn_k —_—.
k
— dt

On page 286, just below equation 7.241 of Section 7.24, hy = 1 should be
hy = — 1.

On page 295, in the first line of Section 7.32, the word ‘homogeneous’
should be omitted.

On page 297 in equation 7.310 of Section 7.33, 1 — 22 should be 1 — 2",
On page 318 in equation 7.446 of Section 7.41, d,,, should be 9,;.

On page 331, in the statement of exercise 7.2, P,(p) should be Py, (p).

Chapter 9
On page 355 in the second line of Section 9.10, a = 0 should be k£ = 0.

On page 360 in the last sentence of the first paragraph of Section 9.14,
the words “is usually (and inexplicably) called recombination” should be
“is called decoupling.”

On page 362 equation 9.128 of Section 9.14 should be

3.8 x 10° x 1100 x 180°

=1.0°,
V3 x138x 109 x 7

and in the following three sentences “one degree” and “1°” should be “0.6°.”

On page 362, please replace the last paragraph with

We can learn a lot from the data in the CMB Figure 9.4. The radius of
the maximum gravitationally compressed region at decoupling is related to
the speed of “sound” in the plasma, which is nearly ¢/ V3. The expansion
of the universe since transparency has stretched the wavelength of light and
reduced its temperature from 3000 K to 2.7255 K, an expansion factor z =~
3000/2.7255 ~ 1100. The radius of the maximum compressed region is now

4



longer by 1100. So is our distance from the surface of last scattering. A careful
analysis based on general relativity and a model of a flat (k = 0) universe
with cold dark matter and dark energy gives the solid curve in Fig. 9.4 which
fits the CMB data for multipole moments greater than 30. The model and
the data put the maximum of the power spectrum D, at £ ~ 200 and at an
angle of 0.6°. This agreement tells us that space is flat. For if the universe
were closed (k = 1), then the angle would appear bigger; and if it were open
(k = —1), it would appear smaller. The heights and locations of the peaks
in Fig. 9.4 tell us about the density of baryons, the density of dark matter,
and much more (Aghanim et al., 2018).

An elementary introduction to the CMB, cold dark matter, and dark
energy is provided by the paper “Flat space, dark energy, and the cos-
mic microwave background” (Eur. J. Phys. 41 (2020) 3, 035603 & e-print
2002.11464).

Chapter 10

On page 370 in example 10.1: on the line after equation 10.27, sin(n(6 — 6))
should be sin(nf — 6,,); in equation 10.29, = should be r; and in equation
10.30, sin[n(d — 6y)] should be sin(nf — 6,,).

On page 375, in example 10.3, in the first line of the first paragraph after
equation 10.61, B, should be B?; and in the first line of the first paragraph
after equation 10.63, E. should be E~.

On page 377, the first words of the sentence enclosing equation (10.73)
should be, “The series expansion (10.10) for Jyi1/2.”

On page 381, in equation 10.96, the last term should include a sum over

9] ¢
- Z Z \/g ie ]€<kr) n,m(9>¢) YZm(0/7¢,), (4)

£=0 m=—¢

The same sum over m is needed in the last term of equation 10.125 of exercise
10.26 on page 388.



Chapter 11

On page 406, Section 11.16, in equation 11.68, f¢, should be ¢ ¢, so that
equation should read

n n

[tats) = > i fopte and [t ] = > i fot.

c=1 c=1

Similarly, on page 407, equation 11.70 should be

[tau tb] - ifsz t. and [t;7 t;)] =1 sb te

c*

On page 416, in Section 11.21, in the last line of Example 11.21

20 +1 47
h
i should be Y

as in the statement (9.123) of the addition theorem.

Chapter 12

On page 452 just before equation 12.6, “explcity” should be “explicitly.”

Incidentally, in matrix notation left indexes label rows, and right indexes
label columns. Transposition interchanges rows and column indexes as in

L™ =L and LT,"=1L",. (5)

On page 475, the sentence surrounding equation 13.42 should read:

The semi-euclidian d-dimensional dot products of the tangent vectors of an
n-dimensional semi-riemannian manifold define its metric for 0 <1,k <n—1
as

gin(r) = ei(w) -ex(x) = =) ef(x) (@) + Y ef(z)ef(a) (6)

= €in(7) €5 () = €]'(x) ear ().



Chapter 13

On page 473, some of the i’s should have been k’s in equation 13.36 which
should be

ds® = dp(z) - dp(x) = (e;(x) da’) - (ex(z) dz®) )
= e;(z) - e () dr'da® = gy (2) da'da”.
Similarly, on page 475, some of the i’s should have been k’s in equation 13.43
which should be
ds* = dp(z) - dp(x) = (e;(x) da?) - (ex(z) dz®)
= ¢;(2) - ep(x) doida® = gy (z) da'da®.

(8)

On page 479 in example 13.9, there should be a semicolon in the second
term of equation 13.69 which should be

k
Dyei = ez = €iy — iy evex = €y — ey = 0. 9)

Similarly, on page 480 in example 13.12, there should be a semicolon in the
last term of the first of the three equations 13.77 which should read

In standard general relativity, the Christoffel symbols are those of the
Levi-Civita connection (13.87)

T = 59" (gji,e + giei — gie,5) (11)
which is symmetric in its lower indices
Fkié = Fk&* (12)

I assumed this symmetry when writing several of the formulas of the section
on curvature (13.23). In order to make these formulas consistent with non-
standard general relativity, I am restating them here:

On page 485, equations 13.97 and 13.98 should be

AV, =d® [ka,é — T AT T =T "] Vi (13)

n
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and
—_ Tk

k _ 1Tk
Riﬁn_r i ln

in,d

Equations 13.100 and 13.101 should be

DyDyVi = Dy, (Vie = T, Vi)

= V;?K” o F ilyn Vi — FkiZ Vi s (15>
- ij (Vj;f =I5V ) M (V; m =T Vq)

m

and
[Dna Df]‘/l = (Fkin,é - Fkié,n + Pkm@ Fmin - kan Fm ) Vk R iln Vk (16>
The matrix 13.102 should be
FIOE Fllf F(IJZZ F13€
T, = oy Ty Ty Ty (17)

On page 490 in example 13.17 in the first line after equation 13.136,
r = Lsinh y/a should be r = Lsinh .

On page 507, the last sentence of Section 13.36 should be replaced by:
“In flat space, this equation says that the energy and momentum of the
matter fields are conserved, 0 = T”“ The analog of T% for the gravitational

field is not a tensor; it’s a pseudotensor t% (Dirac, 1975). The divergence of
(T + t%),/g vanishes because the action does not depend upon an external
spacetime point. But the spatial integrals for the energy and momentum of
the gravitational field may lie at infinity or diverge.” The reference is to pages
58-63 of Dirac’s book, General Theory of Relativity.

On page 510, in the first sentence, J = GMa/c should be J = Mca. On
the same page, a better way of writing equation 13.254 is

gt — A— aisin2 7 2di? 4+ 2a sin® 0 G(3q22— 2Mc?r) it dod
c
(r? +/;2)2 —a?Asin?0 ' 0 (18)
+ = sin? 0 d¢? + Zdr2 + p*db?



in which p? = r?+a?cos? 0 and A = r* +a* —2MGr/c* + ¢*G/c*. This form
of the Kerr-Newman metric makes it easier to understand this addition to
the text:
By writing ds? as ds? = —adt? + Sdr? +~vd0* +6(dé — Qdt)?, one sees that
a rotating mass drags nearby masses along with it at the angular velocity
cGa(2Mc*r — ¢?)

Q= . 19
Ap2(r2 + a?) + Ga?sin? 0(2Mc2r — ¢?) (19)

On page 513 in the last line of equation 13.267, the exponent 3 should be
2 so that the line reads

Ry = Roo = [Dy, Do)*y = —3(a/a) 0 — 3(a/a)* = —3i/a. (20)

On page 515, the first line of Section 13.44 should be, “For i = 0, the van-
ishing of the covariant divergence of the energy-momentum tensor (13.236)
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On page 520 in the last sentence of the first paragraph of Section 13.47,
the words “recombination, a term that makes sense only if the universe is
cyclic” should be “decoupling.”

On page 521 of Section 13.47, the term +a(t,,) should be added to the
right-hand side of the second of equations 13.306 so that it reads

a(t) = <3H°m (= tm)>2/3 + alty,).

5 (21)

Also, the clause after it should read, “in which ¢ is a time well inside the era
of matter and ¢,, ~ 50,000 years.”

On page 526, in Section 13.51, equation 13.319 should be
Dycffy =y~ ., %+ wh, & (22)

And in the sentence that contains equation 13.322, “So too the spin con-
nection w%, is defined so as” should be “Similarly Cartan defined the spin
connection w?, so as”.



Chapter 17

On page 646, in the fourth line, “pseudomatrix” should be “pseudoinverse.”

Chapter 18

On page 651, equation 18.12 should read

12/ (t) — ()| = e*[|2"(0) — = (0)]]. (23)
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