Linear perturbation of the Schwarzschild metric

Preliminaries

Kernels for parallel evaluation

In the following we will represent tensor fields by arrays, i.e., nested lists. To reduce the time needed for simplification, we simplify their components in parallel. The following command launches several parallel kernels, correspond-

ing to the number of available CPU cores.

(1= LaunchKernels[];

Assumptions on coordinates

To aid with the simplification, we specify the ranges of the coordinates and parameters we use.

ini2l:= $Assumptions ={r>0, -1<x<1,0<@<2Pi, meIntegers, L eIntegers};
b )

In[3]:= Paral'Le'LEva'l.uate[$Assumpt1’ons = {r >0,-1<x<1,0<9p<2Pi, meIntegers, le Integers}];

Coordinates

The coordinates we use. Note that we use x = cos ¢ instead of the azimuth angle 6.

4= co={t, r, x, ¢}
outll= {t, r, x, ¢}

Simplification to linear order

Since we are working with linear perturbations, which we define with respect to a perturbation parameter €, we discard all terms of higher than linear order, and then simplify.

inisl= Linsimp[x_] := FullSimplify[Normal[Series[x, {e, 0, 1}]]]
For convenience, we also define a function with simplifies all tensor components in parallel.

iniel:= tensimp[x_] := ParallelMap[linsimp, x, {TensorRank[x]}]

Formatting

We will use a number of functions to express the metric perturbations. In order to shorten the expressions, we define a number of shorthand notations for these functions and their derivatives.

ini71:= Format[Y[l_, m_, x_, @_]]1 := Subscript["Y", StringJoin @@ (ToString/@ {1, m})]

iniel:- Format[Derivative[®, 0, c_, OI[YI[L_, m_, x_, @_1] := Subsuperscript["Y", StringJoin@@ (ToString/@{l, m}), StringRepeat["'", c]]
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inlol:- Format[spl[t_, r_]] := Subscript["S", "tt"]

ini1ol:- Format[sp2[t_, r_]] := Subscript["S", "tr"]

ini111:= Format[sp3[t_, r_]] := Subscript["S", "rr"]

in(12l:- Format[vpl[t_, r_]] := Subscript["V", "t"]

(13- Format[vp2[t_, r_]] := Subscript["V", "r"]

in(14l:- Format[val[t_, r_]] := Subscript["A", "t"]

ini1sl:- Format[va2[t_, r_]] := Subscript["A", "r"]

nf1el:= Format[tt[t_, r_]] :="T"

n171:= Format[tp[t_, r_]] :="P"

8= Format[ta[t_, r_]] :="E"

in(191:= Format[Derivative[ct_, cr_][spl][t_, r_]] := Subscript["S", StringJoin["tt,", StringRepeat["t", ct], StringRepeat["r", crl]]
ini201:= Format[Derivative[ct_, cr_][sp2][t_, r_]] := Subscript["S", StringJoin["tr,", StringRepeat["t", ct], StringRepeat["r", crl]]
ini21:= Format[Derivative[ct_, cr_][sp3][t_, r_]] := Subscript["S", StringJoin["rr,", StringRepeat["t", ct], StringRepeat["r", crl]]
inl22:= Format[Derivative[ct_, cr_][vpl][t_, r_]] := Subscript["V", StringJoin["t,", StringRepeat["t", ct], StringRepeat["r", cr]]]
inl23:= Format[Derivative[ct_, cr_][vp2][t_, r_]] := Subscript["V", StringJoin["r,", StringRepeat["t", ct], StringRepeat["r", cr]]]
inl24:= Format[Derivative[ct_, cr_][val][t_, r_]] := Subscript["A", StringJoin["t,", StringRepeat["t", ct], StringRepeat["r", cr]]]
ini2s:= Format[Derivative[ct_, cr_][va2][t_, r_]] := Subscript["A", StringJoin["r,", StringRepeat["t", ct], StringRepeat["r", cr]]]
ini26:= Format[Derivative[ct_, cr_][tt][t_, r_]] := Subscript["T", StringJoin[",", StringRepeat["t", ct], StringRepeat["r", cr]]]
inl271:= Format[Derivative[ct_, cr_][tp][t_, r_]] := Subscript["P", StringJoin[",", StringRepeat["t", ct], StringRepeat["r", cr]]]
ini2e:= Format[Derivative[ct_, cr_][ta][t_, r_]] := Subscript["E", StringJoin[",", StringRepeat["t", ct], StringRepeat["r", cr]]]
in[20]:= Format[v[r_]] :="v"

in[z01:= Format[A[r_]] :="A"

inis1:= Format[Derivative[c_][v][r_]] := Superscript["v", StringRepeat["'", c]]

ini32l:- Format[Derdivative[c_][A][r_]] := Superscript["A", StringRepeat["'", c]]

ini3sl= Format[§t[t_, r_]] := Subscript["§", "t"]

in(34:= Format[§r[t_, r_]] := Subscript["§", "r"]

in[zs):= Format[§p[t_, r_1] :="N"

in[zel:= Format[§a[t_, r_]] :="="

inis71:= Format[Derivative[ct_, cr_][tl[t_, r_]] := Subscript["¢§", StringJoin["t,", StringRepeat["t", ct], StringRepeat["r", cr]l]
inizel:= Format[Derivative[ct_, cr_][§r][t_, r_]] := Subscript["¢§", StringJoin["r,", StringRepeat["t", ct], StringRepeat["r", cr]l]
inizo:= Format[Derivative[ct_, cr_][§pl[t_, r_]] := Subscript["N", StringJoin[",", StringRepeat["t", ct], StringRepeat["r", cr]l]
ini201:= Format[Derivative[ct_, cr_][§a][t_, r_]] := Subscript["Z", StringJoin[",", StringRepeat["t", ct], StringRepeat["r", cr]l]

in41:= Format[fspl[r_]] := Subscr‘ipt["g", "tt"]



inf421:= Format[fsp2[r_]] := Subscr‘ipt["g", "tr"]
in43= Format[fsp3[r_]] := Subscr‘ipt["g", "rr"]
inf441:- Format[fvall[r_]] := Subscr'ipt["f\", "t"]

ini4s= Format[fva2[r_]] := Subscr'ipt["ﬁ", "r"]

nael- Format[ftt[r_]] := "T"

inl471:- Format[Derivative[c_][fspl][r_]] := Subsuperscr'ipt["g",
inl4sl:- Format[Derdivative[c_][fsp2][r_1] := Subsuperscript["g",
inj49= Format[Derivative[c_][fsp3][r_]] := Subsuperscr'ipt["g",
inis0l- Format[Derivative[c_][fval][r_]] := Subsuperscr‘ipt["A",

inis1:- Format[Derivative[c_][fva2][r_]] := Subsuperscr‘ipt["ﬁ",

"tt", StringRepeat["'", c]]
"tr'", StringRepeat["'", c]]
"rr'", StringRepeat["'", c]]
"t", StringRepeat["'", c]]

"r", StringRepeat["'", c]]

inis21:- Format[Derivative[c_][ftt][r_]] := Superscr-ipt["'f", StringRepeat["'", c]]

inis3l= Format[fax[r_]] := "A"

inis4l:- Format[Derivative[c_][fax][r_]] := Superscript["A", StringRepeat["'", c]]

Two-dimensional geometry on the sphere

Metric

We define the metric y,p in the angular coordinates (x, ¢) we use.

inls5l:= MatrixForm[Met2DD = DiagonalMatrix[{1/(1-x"2), 1-x"2}]]

Out[55]//MatrixForm=

1
[ 1-X2 0
0 1-x°

Inverse metric

The inverse metric is immediate.

inis6]:= MatrixForm[Met2UU = Inverse[Met2DD]]
Out[56]//MatrixForm=
1-x2 0 ]

1
0
1-x

2

Antisymmetric tensor
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We define the totally antisymmetric tensor on the sphere with a negative sign, since the coordinate frame in the (x, @) has the opposite orientation compared to the standard (s, ¢) coordinates, and we use the latter orientation.

In[57]:= Matr-ixForm[EpsZDD = -LeviCivitaTensor[2] Sqrt[Det[MetZDD]]]

Out[57]//MatrixForm=

Y

Christoffel symbols

Finally, the Levi-Civita connection of the metric y,p.

In{58]:= Tab'l.eForm[GamZUDD = Tab'l.e[Sum[Met2UU[[a, d] (D[Met2DD[d, c]|, co[b + 2]] + D[Met2DD[b, d], cofc + 2]] - D[Met2DD[b, c], cofd +2]1)/2, {d, 2}], {a, 2}, {b, 2}, {c, 2}]]

Out[58]//TableForm=

X 0
l—)(z
0 x(1-x%)
0 X
X 1-x2
- 1-x2 0]

Tensor harmonics

Derivatives of spherical harmonics

Here we implement the rules for derivatives of the spherical harmonics Y|, by hand, since we use rather non-standard coordinates. These are defined by the Laplace equation and the usual angular dependence.
niso- yru={Derivative[o, 0, 2, OJIVI[L_, m_, x_, ¢_]=> (2Derivative[0, 0, 1, OJIYI[L, m, x, glx-(L(L+1)-m 2/(1-x"2)V[L, m, x, ¢]) [ (1-x"2),
Derivative[0, 0, a_, b_/; b>8]VI[L_, m_, x_, ¢_] = Derivative[o, 0, a, OJ[VI[L, m, x, ¢] (Im)*b};
This is their effect.

nieol= DIY[L, m, x, @], {x, 2}]1/. yru

out[60]=

_((1(1+1)-1"_1—;)Y1m)+2xY{m

1-x2

me1l:= DIY[L, m, x, ¢], @]/. yru

Oout[61]=

imYynm
We can also define them explicitly.
nte2l= YY[L_, m_, X_, @_] = Sqrt[(z 1+ 1) (L-m)!/ (1 +m)!/4/P'i] LegendreP[l, m, x] Exp[I m (p]

These are the first few harmonics.



inie3l= TableForm[Table[YY[l, m, x, @], {1, 0, 2}, {m, =1, 1}1]

Out[63]//TableForm=
1

2

1 i |3 _y2 1 /3 _1 e [ 3 _y2

e - 1-x > -~ X > @ - 1-x

1 2i9 [15 _y2 1 e [15 _y2 5 2 _ Lo [15 _y2 _1
e 2n(l ) - e - 1-x y n(l+3x) S e X 1-x "

Scalar harmonic

The scalar harmonics are simply the spherical harmonics themselves. They have polar parity.

infeal= YS[L_, m_, Xx_, @_1:=Y[1, m, x, ¢]

The first non-vanishing scalar is the monopole | = 0.

infesl:= YS[@, O, X, @]/. Y 5> YY
Out[65]=

1

2 +m

Vector harmonics

For the vector harmonics, we have two contributions. The first one has polar parity.

mesl:= YVP[1_, m_, x_, ¢_] :=DIYS[L, m, x, ¢], H] &/@{x, ¢} /l. yru

inte7:= YVP[L, m, x, ¢l

out[67]=
{Yins imVin}
The second part has axial parity, which can be seen from the appearance of the Levi-Civita tensor.
niesl- YVA[L_, m_, x_, @_] := Eps2DD.Met2UU.YVP[L, m, x, ¢]

inteol= YVA[L, m, x, ¢l

Out[69]=

im Ylm ,
-— @)}
1-x2

For the vectors, the monopole vanishes, and the first non-vanishing term is the dipole | = 1.

ini7ol:- TableForm[Map[MatrixForm, Table[FullSimplify[YVP[l, m, x, @]/. Y > YY], {1, 0, 1}, {m, -1, 1}, {2}1]

Out[70]//TableForm=

(o)

V3 ey V3 6°x
__N3e x . _V3e'x
2 A[2m-2my? [ K ] 2 A[2m-2mx?
2
1. 3 1. 3
-Sie’? [= 1-x° 0 -Sie? [ 2 4/1-x2
2 2

1 i 15
e2ie =1
2
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ini711:- TableForm[Map[MatrixForm, Table[FullSimplify[YVA[l, m, x, @]/. Y = YY], {1, 0, 1}, {m, -1, 1}, {2}1]

Out[71]//TableForm=

(o)

i+3e'° i+3eé°
L L 0 T N>°
2 AJ2m-2mx? ( 2 22y
1 3 2
1 3 [ - 4/= (-1+ 1 3
—Ee“’ — X l-X2 2 "( X) Eew — X J--X2
27T 27T

Tensor harmonics

Finally, we come to the tensor harmonics. The first one is just the diagonal trace component. It has polar parity.

ni721= YTT[L_, m_, x_, @_] :=YS[l, m, x, ¢] Met2DD

ini73l:= MatrixForm[YTT[l, m, x, @Il

Out[73]//MatrixForm=
Ylm
1-x2

0 (1-X°)Yum

0

Also the second covariant derivative gives a term with polar parity.

ini7a1= YTP[l_, m_, x_, @_] := Module[{a, b, c}, Table[D[YS[l, m, x, @], cola+ 2], co[[b + 2]]] - Sum[D[YS[l, m, x, @], collc + 2]]

in7sl:= MatrixForm[FullSimplify[YTP[l, m, x, ¢]l]
Out[75]//MatrixForm=
(m2+1 (1+1) (_1+X2)) Yinx (-1+x3) Y1,

(-1ex?)?

. Yim ' '
ﬂm(’i_;z +Y1m) -m? Yim+ X (-1 +X?) Yo

The third and last term has axial parity.

inizel= YTA[L_, m_, x_, @_] := (B + Transpose[H])/2 &[Eps2DD.Met2UU.YTP[Ll, m, x, @]l

ini771:= MatrixForm[FullSimplify[YTA[l, m, x, ]Il
Out[77]//MatrixForm=

2
-1

im (—x Yin+(-1+x?) Y{m) 1

(-1 2 (_1 (X+1-

m? |
e ) Yim+X Ylm

1 2 m? ! _ Ny
5 —1(1+1)—T+X2 Yim+ X Yin —ﬂm(—XY1m+(—l+X)Y1m)

Note that the axial tensor has vanishing trace by definition:

ni7el- Tr[Met2UU.YTA[L, m, x, @Il
Out[78]=

0]

The trace of the polar tensor, however, is given by the Laplacian:

in(7ol:= FUllSimplify[Tr[Met2UU.YTP[l, m, x, @Ill
Out[79]=

-1 @+ Y

Often one therefore also uses a trace-free polar tensor instead:

Gam2UDD[[c, a, bl, {c, 2}1, {a, 2}, {b, 2}]//. yru]
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In[80]:= Fu'L'I.S1'mp'I.'ify[Tr[MetZUU.(YTP['L, m, x, @]+ L (L+1)YTT[L, m, X, ¢]/2)]]

out[80]=

0

For the two trace-free tensor harmonics, the lowest order is the quadrupole | =

Out[81]//TableForm=
0 0
(o 0)
0 0 00 00
(6 o) (o o) [

In[81] TableForm[Map[Matr'ixForm, Tab'Le[Fu'l.'LS'imph'fy[YTP['L, m, x, @]+ L(L+1)YTT[L, m, x, @]/2/. Y - vv] {, 0, 2}, {m, -1 1}] {2}]]

0 0 0 0)
g2iv [I5 (14x2) e ‘o . e2ie  [15 (14x?)
. 2 Lo [3 _M “Liete E 1- 52 342 . _Vi5etx Slige |2 1o R _ijerie [
4(-1+x°) 2 2n 2 y2n-2my T4 2y 2m-2mx? 2m 4 (-14x?) 2 2n
) ) /15 [ 32 3 |5 2 / [ 32 ) ]
1;e2ie 21_5 X ie—zup 21_5 (-1+x% ——ﬂe - Af1-x2 —e (1-x%) / R (-1+x?) \/ﬁ ——e”“’ (1-x?) / __;ﬂ' 2ig 2_5 % % 2""\/213(—1+X4)
inis2:= TableForm[Map[MatrixForm, Table[FullSimplify[YTA[l, m, x, @]/. Y = YY], {1, 0, 2}, {m, -1, 1}, {2}
Out[82]//TableForm=
(6 0)
0 0
(0 0) (O 0) (0 @)
0 0 0 0 00
je2iv [2 X
2n

i 15 e7°

. 2 . 2ig 15
1 15 > 15 ¢'* 1 15 > re e
[15 2 SLALL L -2 e /— AJ1- SN E ) NI eT 1go [13 1- 2n
2(-1+x%) 4 ® 25 (1+x7) 2 227y X X © “a Vo (1ex0) x/2ﬂ-2ﬂx 2 2n X 2-2%°
1 15 5
311 e2ie l (l+X ——w‘“w Iznx -1+x?) -t o xNL- X 4/ (1-x7) ﬂCOS[<P]+5'In[<P]) N

(-1+x°) 0 \/7 V1-x2 ——Ma"“’\/irr 3/2 %e”‘" =

2

Calculate Laplacian

It is instructive to calculate the Laplacian of the tensor harmonics, which is one possibility to define them (along with the action of the angular momentum operators)

infg3l:= FullSimpli fy[Sum[MetZUUl[a b] (D[YS[l, m, x, @], colla+ 2], co[[b+ 2]]] - Sum[D[YS[l, m, x, @], co[lc + 2]] - Gam2UDD[[c, a, bl, {c, 2}]), {a, 2}, {b 2}]/YS[1 m, x, @1/l yr'u]
Out[83]=

-1+

Spacetime geometry

Background metric

We proceed with the spacetime geometry. This is the unperturbed background metric. Here we assume a spherically symmetric, static metric, but we leave the gy and g, components as free functions of the radial coordinate for now
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In84]:= Matr'ixForm[Met4DD® = DiagonalMatri x[{— Exp[2 v[r]] , Exp[2 A[r]] s rA2/(1=-x"2), r*2(1-x" 2)}]]

Out[84]//MatrixForm=

_EZV 0

0 0

0 e** 0 0
rz

0 0 " 0

O 0 0 r’(1-x?

Metric perturbation

We then define the metric perturbation.

inissl:= MatrixForm[Met4DD1 = tensimp[ArrayFlatten[{{{{sp1[t, r] = YS[l, m, x, @I}}, {{sp2[t, r]1=YS[l, m, x, @I}}, {vp1l[t, r]=«YVP[Ll, m, x, @]+ Vval[t, r]

YVA[L, m, x, ¢l}},
{{{sp2[t, r1=YS[l, m, x, ¢I}}, {{sp3[t, r1=YS[L, m, x, oI}, {vp2[t, r]

YVP[l, m, x, ¢]+va2[t, r]=YVA[l, m, x, ¢l}}, {Transpose[{vpl[t, r] = YVP[l, m, x, ¢]+val[t, r]=YVA[l, m, x, @]},
Transpose[{vp2[t, r1- YVP[L, m, X, @] +va2[t, rl- YVA[L, m, x, @]}, tt[t, rl« YTT[L, m, x, @]+ tp[t, rl- YTP[L, m, x, @]+ talt, rl- YTA[L, m, x, @I} //. yrul]
Out[85]//MatrixForm=

imAc Y , . .

Stt Yim Str Yim m—l—:le + Vi Y imVe Y= (-1 +x2) A Yy
imAr Yin ' - '

Ser Yim Ser Yim ”l—x; +Vr Yq, imVe Yin=(=1+x2) Ar Yy,

imA Yo ' imA; Yip ' (—ﬂ' mx E+(m2+l (1+1) (—l+X2)) P-(-1+x?) T) Yin—(-1+x?) (—i m E+x P) Y{m ((2 m?+1 (1+1) (—l+x2)) E+2imy P) Yim B '
e T Ve ET Vr (-1ex?)? 2(-14x2) ¥ (X E+im P) Yim
' ' 2m2+1 (1+1) (-1+x?)) E+21i P) Yin ' '
imVe Yin= (=14 x%) Ac Yy EmVe Yig=(=1+X%) Ar Yy, _ free )(2(;))2) — +(XE+imP)Yy,  (imxE-m?P=(=14x*)T) Yia+ (-1+x%) (-imE+XP) ¥y,
~ley

Full metric

The full metric is given as the sum of the background metric and the perturbation. Note that we introduce the perturbation parameter € here, which will be used to select only linear perturbations by performing a Taylor expansion.
in[se]:= Met4DD = Met4DDO + € Met4DD1;

Inverse metric

This is the inverse metric. Note that only terms up to linear order in € appear, since we have discarded all higher order terms in the simplification function.

inis71= MatrixForm[Met4UU = tensimp[Inverse[Met4DD]]]
Out[87]//MatrixForm=

2v [ : 2 ' 2v [ ; 2 '
B R €Y e(-imAt Yin—(-1+x7) Vi Yy €Y e(-im Ve Yip+(-14x7) Ac Yy
—e 4 v (92 Vie Stt Y'Lm) e 2 (A+v) € Str Y'Lm ( ”‘2 '") ( m '")
r r2 (-1+x?)
24 (; 2 ' -2 (; 2 '
B _ et e(imAL Yyp+(-1+x%) Vi Yy et e(imVy Yyu-(-1+x%) Ar Yq
e 2 (A+v) €Ser Yinm e 4! (02/\ -€S,, Ylm) ( :2 m) ( - m - m)
r? (-1+x?%)
((2 m?+1(1+1) (71+X2)) E+2imy P) Yip ,
-2v : 2 ' 24 (- 2 ' 2 2 - 2 2 2 N s ' € +(X E+im P) Yim
e E(—ﬂ mA¢ Yyp-(-1+x7) Ve Ylm) e e (ﬂ mAF Yyp+(-1+x%) Vr Ylm) -r? (-1+x%)-€ (—ﬂ mx E+(m +1(1+1) (-1+x )) P-(-1+x?) T) Yin+e (-1+x?%) (—ﬂ m E+x P) Yim 2(-10¢?)
2 2 4 - 4
((2m2 40 (1Y) (-1ex?) Ev27mx P) Vo Eimply:
oV e (imVe Ypr(-10x®) Ac Yy,) @M e (m Ve Yep-(-14x2) Ar Yq,) ¢ 2(-1) +{EsimP) Yy, =12 (-Lax®)ve (-7 mx E+m? P+(-14x®) T) Yepe (-14x?) (- m E+x P) Yy,
r? (-1ex?) r? (-1ex?) ré

ré (-1+x)
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Christoffel symbols

Next, we calculate the Christoffel symbols.
nesl- GamauDD = tens-imp[Tab'l.e[Sum[Met4UU[[a, d] (D[Met4DD[d, c]|, co[[b]] + D[Met4DD[b, d], cofc]]- D[Met4DD[b, cl, coldll)/2, {d, 4}], {a, 4}, {b, 4}, {c, 4}] . yru];
Itis helpful to note also the background of the Christoffel symbols. It can be used to calculate the covariant derivative of the metric perturbation, which then yields the perturbation of the Riemann tensor.

inigol= TableForm[FullSimplify[Gam4UDD /. € - 0]]

Out[89]//TableForm=

0 v (0] 0]
v' 0] 0 0
(0] 0 0 0]
(0] (0] 0 0]
@_2 A2 v v‘ (0] g 0
0 A 2h 0
0 0 =— @
—1x 2 2
0 0 0 e r(-1+x%)
0 0 ? 0
0 0 T 0
0 % lX . 0
0 x -3
R X=X
0 6 0 9
0 6 0 :
0 (0] 0 X
1 X —1+x?
© r ~1+x? 0

Riemann tensor

This gives us the perturbed Riemann tensor.

infool:= Riem4UDDD = tensimp[Table[D[Gam4UDD[a, b, dl, col[c]]-D[Gam4UDD[a, b, c]], col[d]]] + Sum[Gam4UDD[a, e, c] - Gam4UDD[e, b, d]] - Gam4UDD[a, e, d] » Gam4UDD[e, b, c], {e, 4}, {a, 4}, {b, 4}, {c, 4}, {d, 4}1/l. yrul;

Also the background value of the Riemann tensor is easily obtained.
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info1]:= TableForm[FullSimplify[Riem4UDDD /. € - 0]]

Out[91]//TableForm=

0000 0 A-viv-v'eoeo O e 2 o 00 2 r(-1+x2)V'
0000 AV (P ev 0 o0 O o0 0 O 000
0 0 o0 _< 50 0
600680 0 0 0 0 -1 —e?r(-1+x%)v’ 0 0 0
0] 0 0 0
1 1 |l L} G) 0 G O
0 G_ZMZV((/\ —V)V -V ) 0 0 00 00 62 r A 00 0 0
el YR (7 A oo 0000 0 ° e 0 oo 0 - r(-14x%)A
N 0 © 0 0 00 0 &2 A 0 0 0 0 0
0 0 0 0 06000 -Lax? 0] G_ZAF(—1+X2)/\‘ 0 0
0 0 0] 0]
2A2v '
0 0 -¢ A 0 0 0 0 0060 6 0 0 0 o)
r X 000 0
0 0 0 0 00 -7 0 0000
JETETN o X o o 00 00 0 00 2 (-1 + x?) Sinh[A] (- Cosh[A] + Sinh[A])
— 90 0 ' 00600 0 0 26 (-1+x2)Sinh[A] 0
0 0 0 0 00 0 0 e (-1+x?%) Sinh[A]
Y 00 00 000 0
0 00 -— A 000 0 000 0
0 000 606 0-T 0 0 0 1o 0000
0] 0 00 00 00 ~1+x? 0O 0 00
e 2m2v ! 0 )\_ 0 0 1-¢72* 0O 0 00
— 000 r 0 P
Riccl tensor
Contracting two indices, we get the Ricci tensor.
info21:= Ric4DD = tensimp[TensorContract[Riem4UDDD, {{1, 3}}1I;
This is the background of the Ricci tensor.
infos= TableForm[Ric4DDO = tensimp[Ric4DD /. € -» 0]]
Out[93]//TableForm=
e’“’zv(v' (2-rr/\'+r v')+r v' ') o o 0
A (24 v )-r (v )2ev'
0 G (e B 0
r
e2* (-1+e?M4r A’ -r v’
0 0 —_— 0
-1+x
0 0 0 —e‘“(—l+x2)(—l+e“+r/\'—rv')

For later use, we also isolate the perturbation from the background.

infoal:= Ric4DD1 = tensimp[D[Ric4DD, €]];
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Check spherical symmetry

Killing vector fields on the sphere

We can check the expansion of the perturbations into tensor spherical harmonics by calculating their behavior under rotations. For this purpose, we need the rotation generating vector fields on the sphere, in the relevant coordinates.

inosl:= kvf2 = tensimp[{{Sin[e], Cos[@]/ Tan[s]}, {~-Cos[e], Sin[e]/Tan[s]}, {0, -1}}.DiagonalMatrix[{-Sin[s], 1}]/. {¥ - ArcCos[x]}]

Out[95]=
{{-V1-x* sina, Xcosm}, {V1-x* cosla, Xsmm}, ®, -1}

1-x2 1-x2

We see that they indeed satisfy the rotation algebra.

inloel:= tensimp[Table[Sum[kvf2[i, b] « D[kvf2[j, all, collb + 2]]1- kvf2[j, b] « D[kvf2[i, all, colb +21], {b, 2}] - Sum[Signature[{i, j, k}] » kvf2[k, al, {k, 3}1, {i, 3}, {i, 3}, {a, 2}1]

out[96]=

{{{o, o}, {0, 0}, {0, o}, {{0, 0}, {0, O}, {0, O}}, {0, 6}, {0, O}, {6, O}}

Killing vector fields on spacetime

We lift the vector fields to the full spacetime manifold by noticing that they do not modify the time and radial coordinates.

inlo71:= kvf4 = PadLeft[tt, 4] &/@ kvf2

out[97]=

{{o, 0, -1-x% Sinql], XCOSM}, {o, 0, 41-x* Coslel, XSin[(p]}, {0, 0,0, -1}}

1-x? 1-x2

Symmetry of two-dimensional geometry

By construction, the two-dimensional metric and its Levi-Civita tensor on the sphere are invariant under rotations.
inogl:= tensimp[Table[Sumlkvf2[i, c] « D[H[a, b], coflc + 2]] + H#[c, b] « D[kvf2[i, c], cofla+ 2]] +H[a, c] » D[kvf2[i, c], cofb + 211, {c, 2}1, {i, 3}, {a, 2}, {b, 2}] &/@{Met2DD, Eps2DD}]
Out[98]=

{{t{e, o}, {0, o}, {{0, 0}, {0, 6}}, {0, 0}, {©, Ok}, {{0, 0}, {0, O}}, {0, 6}, {0, O}, {0, O}, {0, O}}}

Symmetry of four-dimensional background geometry

Also the spacetime metric is invariant under rotations by construction.

infool:= tensimp[Table[Sum[kvf4[i, c] » D[Met4DDO[a, b]], colc]]+ Met4DDO[c, b] « D[kvf4[i, cl, co[all+Met4DDO[a, c] ~ D[kvf4[i, cl, colbll, {c, 4}, {i, 3}, {a, 4}, {b, 4}1]

out[99]=

{{{e, o0, 0, 0}, {0, 0, 0, 0}, {0, 0, O, 0}, {0, 0, 0, O}, {{0, 0, 0, 0}, {0, 0, 0, 0}, {0, 0, 0, 0}, {0, 0, O, O}}, {0, 0, 0, 6}, {0, 0, 0, 0}, {0, 0, 0, 0}, {0, 0,0, O}}}
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Transformation of perturbation

Finally, we calculate how the metric perturbations transform under rotations.

In[100]:=
rotpert = tensimp[Table[Sum[kvf4[i, c]] - D[Met4DD1[a, b]], co[c]]+ Met4DD1[c, b] » D[kvf4[i, c]l, co[al] + Met4DD1[a, c] » D[kvf4[i, c], co[bll, {c, 4}1, {i, 3}, {a, 4}, {b, 4}]1//. yrul;
We see that rotation around the z axis simply gives us the magnetic quantum number m.

In[101]:=
Tab'LeForm[tens-i mp[rotpe rtf3]+Im Met4DD1]]

Out[101]//TableForm=

0 (0] (0] 0
0 (0] (0] 0
(0] (0] (0] 0
(0] (0] (0] 0]

Rotation around the other axes corresponds to the ladder operators. Hence, they allow us to change the value of m.

In[102]:=
TableForm[tens-i mp[rotpe rt[1] + rotpert[2] I - (Met4DD1 1. {v - (Exp[I n4] I (Der'i vative[®, 0, 1, OJ[Y][H1, H#2 -1, H3, H4] Sqrt[l-H3/2]+Y[H1, H2 -1, #3, H4] (H2 - 1) H3/Sqrt[l -H3A 2]) &)} H.yrul.{m-m+ 1})]]

Out[102]//TableForm=

0] (0] (0] 0]
(0] (0] 0 0]
0] (0] 0 0]
0] 0 0 0]

In[103]:=
Tab'leForm[tenS'imp[rotpe rt[1] - rotpert[2] I - (Met4DD1 . {v - (Exp[-I n4] I (- Derivative[0, 0, 1, OI[YI[HL1, H#2+1, H3, H4] Sqrt[l-H3A2]+V[H1, H2+1, H3, H4] (H2 + 1) H3/Sqrt[l - H3A 2]) &)} H.yrul.{m-m- 1})]]

Out[103]//TableForm=

0] (0] 0 0]
0] (0] 0 0]
0] (0] 0 0]
0 (0] (0] 0

Regge-Wheeler gauge

Gauge-transforming vector field

We can simplify the following calculations by assuming a particular gauge. To arrive at this gauge, we first consider a general vector field, at the same order as the metric perturbations, and expand it in spherical harmonics.
In[104]:=

Tab'l.eForm[rgvf = Inverse[Met4DDO]. Join[{;t[t, rl, Erft, rIYS[L, m, x, @], (§p[t, r]~ YVP[L, m, x, @]+ £&a[t, r]~ YVA[L, m, x, @])/ r"z]]
out[104]//TableForm=

-6 Yin &t

)
e’ Yim &r

imYy, = f
8—2/\—21/ _EZ/\+2V |"2+02M2V rZXZ _ mn +ny
152 m

r.6

im Yy, Me(1-x2) 2 Yy,
r* (1-x?)



Change of the metric perturbation

The change of the linear metric perturbation is given by the Lie derivative of the background metric with respect to the transforming vector field.

In[105]:=

TableForm[pertchg = tensimp[Table[Sum[rgvf[c] ~ D[Met4DDO[a, b]], co[c]]] + Met4DDO[c, b] = D[rgvflc]], co[a]]] + Met4DDO[a, c] = D[rgvflcl, col[bll, {c, 4}, {a, 4}, {b, 431 //

Out[105]//TableForm=

2 Yn ('6_2/\+2V &r v+ ft,t) Yim (_2 St v+ ft,r + fr,t)

Vi (2 Ee4, o )-(-10x?) 2,0 Yy,

H-4nerd gern ) vy,

',2

PV (<4 Mer® Eoer N )o(-140x%) (42-r 2,0) Yy,

+(—4 N+r3 Eeer n, r) Y{m g4 (2 Yin (e” (—i my E+(m2+1 (1+1) (—l+x2)) ﬂ)—r‘3 (—l+X2) §r)—2 e?* (—l+x2) (—i m=+x FI) Y{m)

r3

Yin ((72 m2-1(1+1) (71¢X2)) =2imy n)

2 (xZ+imn) vy,

~Lex?

' \
Ylm(_zftv +§t,r+§r,t) zylm(_fr/\ +§r,r)
imYy, s \ imYy (-4zer s,
T ik A o
rZ r3
im Yy (r2 Ee4M, o )-(-10x%) 2,0 Yy, iV (<4 Mer® Eoer N Je(-1ax?) (4 21 2,

Yim ((72 m?-1(1+1) (71,)(2)) =2imy n)

rZ

2 (Ym (n‘ mx Z-m? M-e"2* 13 (-14x2) 5r)+(-1+xz) (Fim=exn) Y{m)

r2

Transformed perturbation

r2

To study how the different components of the metric change, we now calculate their sum - this is the perturbation of the metric after performing the gauge transformation.

In[106]:=
gtmet = tensimp[pertchg + Met4DD1];

Decomposition of components

. yrul]
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In order to choose a particularly convenient gauge for the further calculations, it is helpful to study how the different components of the perturbation transform. For this purpose, it is helpful to first gather the time and radial compo-

nents of the gauge transforming covector field into a two-dimensional object.

In[107]:=
xitr = {{t[t, r1, §rit, rl}
out[107]=

{5 &rd

The three scalar components transform as a symmetric two-tensor in the time and radial coordinates. Hence, we get their transformation from a symmetrized covariant derivative of the two-dimensional covector field.

In[108]:=

gtsca = Un'ion[F'Latten[MapThread[Ru'Le, {{{spl[t, rl, sp2[t, rl}, {sp2[t, rl, sp3[t, ri}}, -Tab'l.e[D[x-itrl['i]], co[[jI1+DIxitrIjl, colil] - 2 Sum[Gam4uDDLk, i, jI - xitrIKl, {k, 2}, {i, 2}, {j, 2}]/. € 0}, 2]]]

Out[108]=

{Ste> 2622 g v 260, Ser > 26V —Ee,r -Gty Sir > 2604 -260,0 )

The axial vector components transform as the gradient of the axial component of the gauge vector field, properly renormalized with the radius.

In[109]:=

gtaxi = MapThread[Ru'Le[ttl, -D[§a[t, r]/r*4, H2] r’\2] &, {{vallt, r], vaz[t, rl}, {t, r}}, 1]

Out[109]=

=t 5 4= E,r
(o2, a0 e[ 2220
r2 I’S r4

Similarly, the polar vector components transform as the gradient of the polar component of the gauge vector field, but with an additional contribution from the time and radial part.
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In[110]:=
gtvec = MapThread[Rule[m, -H2 -D[p[t, r]/rA4, H3] r"z] &, {{vpl[t, rl, vp2[t, rl}, xitr, {t, r}}, 1]
Out[110]=

Me an N,
3 2 3
{veu-te-—= veo-g-r? -5+ 21}

r s rt

Finally, the tensor components have a simple transformation behavior.
In[111]:=
gtten = {tp[t, rl - -2 éplt, rl/ri2, ta[t, r] -» -2 fa[t, r]/rAr2, tt[t, r]-» -2 Exp[-z /\[r]] rit, rl r}
Out[111]=
2n 2=
{P—)——, E»-—, T—>—2e‘“r§r}
r2 r.2
We check that these indeed give the full transformation.

In[112]:=
TableForm[tensimp[gtmet /. gtsca /. gtaxi /. gtvec /. gtten]]

Out[112]//TableForm=

0 (0] (0] 0
0 (0] (0] 0
(0] (0] (0] 0
0 (0] (0] 0]

Gauge choice

From the gauge transformations above, we see that by an appropriate choice of the gauge vector field we can eliminate the two off-diagonal tensor components of the perturbation, as well as the polar vector parts. This is achieved by
choosing the following vector field:

In[113]:=
rwgauge = {gp - (-nzAz tp[H1, H2]/2 &), fa (-nzl\z ta[H1, H2]/2 &), £t » (Derivative[l, O][tpl[H1, H2]/2 - vpl[H1, H2] &), &r » (Derivative[0, 1][tpl[H1, H2]/2 - tp[H1, H2]/H2 - vp2[H1, H2] &)}
Out[113]=
1 1 P,t P,l" P
{fp - (— (-H2%)P &), fa> (— (-H2%)E &), ft > (— - Vi &], &r - [— -— -V, &)}
2 2 2 2 H12
We see that indeed now the tensor part becomes diagonal, and the vector part retains only axial components:
In[114]:=

TableForm[rwmet = tensimp[gtmet /. rwgauge]]

Out[114]//TableForm=

2020 ' (2 Py2 rVp=r P, , 1 \p imYin (2 Ac-E, '

Ylm(stt+e ! ( : i i y)_zvt,t"'P,tt) Ylm(st,—+2Vtv —Vt’r—w _Vr,t"'P,tr L‘;t) —% (—1+X2)(2 At_E,t)Ylm
2 (-1+x%)
: )P Yin (2P+r (2PA'=2P 41 (Sp+A' (2V=P J-2 V. (4P imYi (2E+2 r A-r E ~1ex?) (2E+2 r Ar-r E () Yy,
Ylm(str+2Vtv _Vtr_(lﬂ’v) ’t—Vrt+Ptr) 1( +r( A +r( 2+/\( ) + ))) ﬂml( +2r Ap-r ) _(l+x)( +2r Ar-r )1
’ r ’ ’ r 21 (-1+x?) 2r
imYqy, (2 At-E,t) imYq, (2 E+2r Ar-r E,r) &2 Yy, (-2 P+e2) T+r (-2 Vr+P,r)) o
2 (-1+x?) 2 r (-1+x?) - —1+x?
, -14+x?) (2E+2 r A= E 1) Yy, _

~1 (14X (2Ac-E o) Yy, _ zrr A 0 ~e M -1+ X%) Yip (-2P+ @A Tor -2V, +P /)

Hence, we can assume that the metric perturbation is already given in this gauge, which is called the Regge-Wheeler gauge.

In[115]:=

rwru={ta-> (0 &, tp-» (0 &, vpl > (0 &), vp2 - (0 &)};
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One finds that imposing the Regge-Wheeler gauge on either the transformed or untransformed metric perturbation gives the same result, since it means that the gauge transformation becomes trivial if one already starts from the

Regge-Wheeler gauge.

In[116]:=
TableForm[tensimp[Met4DD1 /. rwru]]

Out[116]//TableForm=

Ste Vin Str Vin T (-1 x) A Vi)
Str Y'Lm Srr Y'Lm %ﬂ _((_1+X2) Ar Y{m)
imAg Yin imAr Yo TVin 0
~lix? —1+x? - ~Layg?
“(C1ex) AV (C1Hx) A Y @ “((1+X) T Yun)
In[117]:=
TableForm[tensimp[rwmet /. rwru]]
Out[117]//TableForm=
Ste Vin Str Vin T (1 x) A Vi)
Str Yim Ser Yim %‘ _((_1+X2) Ar Y"Lm)
imAe Yo imA, Yy, TVin 0
~Lex? e Tl
“(C1exd) AV (C1ex)AYy,) @ (14X T V)

Ricci tensor perturbation

For later use, we now calculate the Ricci tensor perturbation in the Regge-Wheeler gauge.

In[118]:=

Ric4DD1RW = tensimp[Ric4DD1 /. rwru];

Perturbation of the Schwarzschild metric

Schwarzschild metric

In the following, we will assume that the background solution is given by the Schwarzschild metric.

In[119]:=

sbhru ={v - (Log[1-R/H]/2 &), A > (-Log[1-R/H]/2 &)};

In[120]:=
MatrixForm[Met4DDO /. sbhru]

Out[120]//MatrixForm=

-1+2 0 0 0
1

0 0 0

6o o = 0
1-x
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Background solution

We check that this is indeed a vacuum solution of Einstein’s equations. Of course, this is known - here we just double check.

In[121]:=
tensimp[Ric4DDO /. sbhru]
Oout[121]=

{0, 0, 0, 0}, {0, 0, 0, 0}, {0, 0, 0, 6}, {0, O, O, O}}

Ricci tensor perturbation

We then evaluate the perturbation of the Ricci tensor for the Schwarzschild metric.

In[122]:=

Ric4DD1RWS = tensimp[Ric4DD1RW /. sbhru];

Fourier transformation

In the next step, we perform a Fourier transformation with respect to the time coordinate. Here we consider only a single Fourier mode with frequency w. We thus separate the perturbations into time and radial dependence.

In[123]:=
fourier = {tt - (Exp[I wm] FHt[H2] &), spl - (Exp[I w m] fspl[H2] &), sp2 » (Exp[I w m] fsp2[H2] &), sp3 » (Exp[I wm] fsp3[H2] &), val - (Exp[I wm] fval[H2] &), va2 - (Exp[I wttl] fva2[H2] &)};
In the resulting formula for the Ricci tensor perturbation, we find factors iw in place of the time derivatives.

In[124]:=
Ric4DD1RWSF = tensimp[Exp[-I w t] Ric4DD1RWS /. four'ier];

Casem=0

We finally restrict ourselves to the case m = 0, since the spherical symmetry implies that the solution will not depend on m.

In[125]:=

Ric4DD1RWSFO = tensimp[Ric4DD1RWSF /. {m -» 0}];

Decomposing the axial equations

Non-trivial axial equations

Looking at the perturbation of the Ricci tensor, one can see that the axial and polar perturbations decouple. Here we focus on the axial equations. We see that there are three equations, which after canceling some common factors
are given as follows.
In[126]:=
eq03 = FullSimpli fy[z r A3 Ric4ADD1RWSFO[1, 4]/(-1+x"2)/D[Y[L, 0, X, @, x]]
Out[126]=
-1(1+1) r,&t+2RAt+r(r—R)(—iw(ZAr+r,&;)+rﬂ,'c')
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In[127]:=
eq13 = FullSimplify[2 r A2 (r - R) Ric4DDIRWSFO[2, 4]/(~1+x"2)/DIVIL, 0, X, I, X]|
out[127]=
-2ir? wﬂt+(—((—2+1+12)(r—R))+ r wz)Ar rir*wh;
In[128]:=
€q23 = Fullsimplify[2 r A2 (r - R) Ric4DDIRWSFO[3, 4] /(L (L+1) VIL, 0, X, ¢]-2DI¥[L, 0, X, @I, X x|
Out[128]=

A A

irwA +R(-r+R)A, —r (r-R)2A;

Relation between equations

Note first that the three equations above are not independent of each other. It turns out that the first equation is a linear combination of the second, the third and the derivative of the second equations. To see this, we gather these
four equations into a list.
In[129]:=
TableForm[eqnax = {eq03, eql3, eq23, D[eql3, rl}]
Out[129]//TableForm=
1@+ rAg+2 RAt+r(r—R)(—ﬂ'w(ZAr+r,&;)+rﬂ;')
-2ir? wAt+(—((—2+1+12)(r—R))+ r3 wz)Ar+i r3 whq
ir*wA +R(-r+R)A, —r (r-R)2A;

—4irw,&t+(2—1—12+3 r? wz)ArH'r2w/'-i,'c+(—((—2+1+12)(r—R))+ r3 wz)A'r+ir3w/f\fc'

The independent functions which appear in these equations are the following axial perturbation components and their derivatives.

In[130]:=

terms = {fval[r], fval'[r], fval''[r], fva2[r], fva2'[r]}
Out[130]=

{At; A'Ic) Aél ) Ar; A‘r}

Now we have four equations and five terms which appear in them. The coefficients of these five terms are given as follows.
In[131]:=

TableForm[coeff = Outer[Coefficient, eqnax, terms]]

Out[131]//TableForm=

-11+\)r+2R 0 r3-r2R -2irPw+2irRw -irfw+ir’Rw

-2ir’w irdw 0 —((—2+l+12)(r—R))+r3ou2 0

irtw 0 0 R(-r+R) —r (r -R)?

-4irw ir?w irdw 2-1-12+3r2w? —((—2+1+12)(|’—R))+r3ou2

If the equations are independent, then the matrix above has maximal rank, which is 4. However, we see that this is not the case.

In[132]:=
MatrixRank[coeff]

out[132]=

3

It follows that the transposed matrix has a non-trivial, one-dimensional kernel, which we can find as follows (and renormalize for simplicity).
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In[133]:=
ns = NullSpace[Transpose[coeff]][1] r (r - R)
Out[133]=
{—ﬂ'rzw, -r+R, 2—1—12, r(r—R)}
Finally, we check that the corresponding linear combination of the equations indeed vanishes.
In[134]:=
FullSimplify[eqnax.ns]
Out[134]=

0

Solve equation for time component

We are now left with two equations for two unknown functions. Note that the last equation does not contain derivatives acting on the time component of the perturbation. Hence, we may solve it algebraically.

In[135]:=

sol23 = {fval -» (Evaluate[FullSimplify[Solve[eq23 == 0, fval[r]][1]I[1, 2] /. {r » ©1}] &)}

ol

Out[135]=

i(—R+1¢l)(RAr+Hl (-R+u1)2\;)

{'Fval - |-
w13

Remaining equation

To obtain an equation for the radial component, we insert the solution for the time component into the only remaining equation.
In[136]:=
eqax = FullSimplify[eql3 /. sol23]

Out[136]=

(—((—2+'L+12) |’2)+(—6+'L+'L2)|’R+5R2+r4w2)Ar

- +(r-R)((-2r+sR)A +r(r-RIA;)

Simplification using tortoise coordinate

To simplify the last equation, we change the radial coordinate. The coordinate we choose here is called the tortoise coordinate. We use the following transformation.

In[137]:=

tortoise = {fvaz - (fax[tt+ Log[H /R - 1] R] H/(1-R/H) &)};

This is the final equation we obtain. Note that the appearing derivative is with respect to the tortoise coordinate, not with respect to the original radial coordinate.
In[138]:=

eqaxt = FullSimpli fy[(r -R)eqax/rA5/. tortoi se]
Out[138]=

(—((1 1+r-3 R)(r—R))+ r4 wz)ﬂ

r4

+A




