n-1- Get@FileNameJoin@{NotebookDirectory[], "Calibration.m"};

Package xAct xPerm® version 1.2.3, {2015, 8, 23}
CopyRight (C) 2003-2020, Jose M. Martin-Garcia, under the General Public License.
Connecting to external linux executable...

Connection established.

Package xAct xTensor® wversion 1.2.0, {2021, 10, 17}

CopyRight (C) 2002-2021, Jose M. Martin-Garcia, under the General Public License.

Package xAct xPlain® version 1.0.0-developer, {2023, 6, 10}

CopyRight © 2023, Will E. V. Barker and Sebastian Zell, under the General Public License.

These packages come with ABSOLUTELY NO WARRANTY; for details type Disclaimer[]. This

is free software, and you are welcome to redistribute it under certain conditions. See the General Public License for details.

PSALTer Calibration

About xPlain and formatting

Welcome to the calibration file for the PSALTer package. Commentary is provided in this green text throughout by virtue of the xPlain package.

Key observation: Occasionally, more important points will be highlighted in boxes like this.

The xPlain package is not part of PSALTer, so the output from PSALTer itself will contrast with this formatting and be quite distinctive.

The structure of this file

The calibration file runs PSALTer on a very long list of theories, whose particle spectra are already known.

The first step is to load the PSALTer package.
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Package xAct SymManipulator® version 0.9.5, {2021, 9, 14}

CopyRight (C) 2011-2021, Thomas Backdahl, under the General Public License.

Package xAct xPert® version 1.0.6, {2018, 2, 28}

CopyRight (C) 2005-2020, David Brizuela, Jose M. Martin-Garcia and Guillermo A. Mena Marugan, under the General Public License.
+»* Variable $CovDFormat changed from Prefix to Postfix

x»+ Option AllowUpperDerivatives of ContractMetric changed from False to True

= Option MetricOn of MakeRule changed from None to All

*» Option ContractMetrics of MakeRule changed from False to True

Package xAct ' Invar® version 2.0.5, {2013, 7, 1}

CopyRight (C) 2006-2020, J. M. Martin-Garcia, D. Yllanes and R. Portugal, under the General Public License.
+»» DefConstantSymbol: Defining constant symbol sigma.

+»+ DefConstantSymbol: Defining constant symbol dim.

= Option CurvatureRelations of DefCovD changed from True to False

+»* Variable $CommuteCovDsOnScalars changed from True to False

Package xAct xCoba' version 0.8.6, {2021, 2, 28}

CopyRight (C) 2005-2021, David Yllanes and Jose M. Martin-Garcia, under the General Public License.

Package xAct ' xTras® version 1.4.2, {2014, 10, 30}
CopyRight (C) 2012-2014, Teake Nutma, under the General Public License.
+»+ Variable $CovDFormat changed from Postfix to Prefix

*» Option CurvatureRelations of DefCovD changed from False to True

Package xAct PSALTer  version 1.0.0-developer, {2023, 8, 9}

CopyRight © 2022, Will E. V. Barker, Stephanie Buttigieg, Carlo Marzo, Cillian Rew, Claire Rigouzzo, Zhiyuan Wei and David Yallup, under the General Public License.

These packages come with ABSOLUTELY NO WARRANTY; for details type Disclaimer[]. This

is free software, and you are welcome to redistribute it under certain conditions. See the General Public License for details.

Set: Tag ParticleSpectrum in Options[ParticleSpectrum] is Protected.
SetDelayed: Tag ParticleSpectrum in ParticleSpectrum[Expr_, OptionsPattern[]] is Protected.

Great, so PSALTer is now loaded and we can start to do some science.
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Poincaré gauge theory (PGT)

Key observation: we will test the PoincareGaugeTheory module.

Here is the inverse translational gauge field, or tetrad.

he (1)

a

Here is the translational gauge field, or inverse tetrad.

b, 2)

Here is the Riemann-Cartan tensor.

R (3)
ay B X ¢ ay B X ¢ X [} ap X [} ap

A " A Vx g h-A N A /o hg' k. +hs h OA ¢"75 h.® 9pA . (4)

Here is the torsion tensor.

T“ﬁx (5)
a 6 a 6 ) € a ) € a

Ay hy = A n S+ hT h S 0sb® = h” T 0eb (6)

Now we set up the general Lagrangian. In the first instance we will do this with some coupling constants which are proportional to those used by Hayashi and Shirafuji in Prog. Theor. Phys. 64 (1980) 2222. The normalisations are not
absolutely identical, but this should not be a problem.

BS aBxé

10yn

aBxo
18yn

aBxo
18yn

aBxod
18yn

aBxod

ax
a. =0 18yn

aBxs 16yn A ax6 A axé A axé ryn
- a, o) Ragys R 4B Br1,, KB P2, MOeB, Br3, W) T o T (7)

Raﬁx6+(ai Pr 1 +a£ Pg 2 +aé P 3 +a;1 Pg 4 +aé Pr 5 +aé Pgr 6

In Eq. (7) we are using projectors to extract the Lorentz irreps of the fields. Next we will expand these.

So with the projectors expanded we have the following nonlinear Lagrangian.

1
_ apxé [ _ ap x s Z _ apxs
aé) Rayps R +< a. a.+a.+a.)7€ a R5X5+6(2a. 3a.+a.)7€ R

1 1 2
-—a. R% +—<2a.+3a.+a.) aBXé+—(a.
2 R B g Rapxs R 3 1 2 4 s

0 1 2 3 1

1 1 2 2
_ _ aB x ) - _ ap X6 - apx | ~ _ aBx - _ a B X
oy rayra -ag ) RPN R (2 s a ) R R (28,08 T TS (BB T T S (B -85) T T,

We can also use a different set of coupling coefficients, as developed by Karananas.

2r. 2r.

16KA 1 2 16kA A k8
RIBK/\ R | RIKG/\ R +<r.+r.)7€ R v

3 3 4 5

r. r.
-A, R'? 4 _l+_2
16 3 6
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r. or. 4 bt A bt t. 2t

1 2 BKA 1 2 16K : 16K 01 K
ro-r )R RA 4=+ = r RN R, ==+ = —— e T T Ao — | T, T
(4 5) KoM l3 6 3 ot | G T T 2 3 6 o 3 3 | T

Minimal even-parity scalar model

We will study the minimal model set out in Eq. (4.1) of arXiv:9902032. We will do this using the general coupling coefficients defined in Eq. (8).

1 1 1
__ ap _ ap X6 - apx aBx a B X
2a67€ aﬁ+6aé7€ aBR X6+2Bi‘7‘aﬁx7' +ﬁi7‘ Tﬁax+2Bi7“a TBX
PSALTer results panel
= U”(i (a;-48;) A%, ALK+ A o+ T c g £ 0K v, A 4B AX o™ eap, X PrT 28 o O va, P AN a7 0AK -2 o™ o X
5oa X _ ap ap 0B 0B waB 1 B apx _ ap\ . 2 ap X6
48, FF° Of K -2B. 0uf 5, OFF - B. 0uf y OF P 4B 04f o OFF 1B O O 4B 0 f g OFF -3 A ((aé 4Bi) A -8 p. F )+ 2 a. 3, A 957 X)[t, X, y, Z1dzdydxdt
Wave operator
CA AR i
Ol 4| 5 _ 2 i)
TAt|5 -28, +a, k -l 0
op 4 i(aé—4ﬁi)k 4K g 0
_\/E 1
OFt 0 0 0 0
N 1 + + + - - - -
o + 0 o 0 |3(a-2B)| tmu T e T, Eag iR, Y
R a.-4B. ila.-4B.|k
v+ i(a —4ﬁ) T (;ﬁl) 0 o o0 0
. a.-48.
v g% e 0 0 0 0 0 0
S ila.-4B. |k
AR (;ﬁl) 0 0 0 o o 0
- a.-4pB. B
]Z‘ﬂ“Ta (0] (0] (0] _i(a._4ﬁi) - 21 (0] _éﬂ(aé_"'ﬁi)k
_ a.-48.
T t? 0 0 0 = 0 0 0
A 0 0 0 0 0 0 0
100, @ 1 _
i 0 0 0 zﬂ(aé 4Bi)k 0 0 0 2A o flag T sy
o apB “é i(a.—4ﬁ.)k
_ﬂl\ - 4+ 0. [ 1 0
T " .31 T
2 4B ilagas)x 28. K 0
A M T H
2- aBx 3
- 7l + 0 o |-+ +5,
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Saturated propagator
9ql oyl 9 94
o e el i
Lol t 2 4qa.B8.+8a. B. k> - 3 0
P a; (048, w8 5, 4
i ot . a.-4B.+2a. 2
o+ Rletn) e o| o
a. (aé—4 Bi)k+8 a. Bi K K (a62-4 a. ﬁi+8 a. Bi kz)
Ot 0 0 0 0
2
o't 0 0 O | c4s; | Tolgp Lot ap Tlgp Ll S S
vy ,aB 242 2i V2
ot 0 (aé—4ﬁi)(l+k2) (aé—4pi)(l+k2) 0 0 0 0
L apB 2 /2 _ 2 _ 2ik
5 @y (aé—4ﬁi)(l+kz) (aé—wi)(hkz)z (aé-wi)(mz)l 0 0 0 0
1y LB 2i 2k 2ik _ 242
U | (aé-4ﬁi)(1+k2) (aé—4ﬁi)(l+k2)2 (aé-4ﬁi)(1+k2)2 0 0 0 0
L. 247 o4k
-0t 0 0 o 0 (aé—4ﬁi)(l+2k2) 0 (aé745i)(1+2k2)
- a _ 242 _ 2 _ 2i V2 &
ot ° ° ° (o -an ) 2] (oan)2ef O (aam)(nezef
49
Lt 0 0 0 0 0 0 0
1 a 4ik 2i 2k _ Ak
ot 0 0 o (aé—4ﬁi)(l+2k2) (aé—4ﬁi)(l+2k2)2 0 (aé—4[3i)(1+2k2)z TU"aﬁ 2-*1'”0(/3 2 Uuaﬁx
16 8. 2 ﬁ
2* aB ==
o't (0]
a.’-4 aé ﬁi aé k
. 2iv2 2
2- T" Taﬁ - a.k a. k¥ 0
0 ]
1
2 gl 4 2PX 0 o | %
== +Bi
Source constraints
Spin-parity form Covariant form Multiplicities
Ot == 0 a,;aar(mq()"‘ﬁ =@ 1
20k T + T 2= 0]0,0,0% (A+5) X == 8,801 (A5) " + 2 95070, 3,0°°X 3
rp® e 0,050°t (847 == 8,005 (A1) 3
ik v s 10 o 0]0,0% (a490)K + 0,01 (1)< + 0,0%T (045 P + 2 050,0°5*PC + 2 05090, 0°%F == 8,07 ()P + 8,051 (A7) + 0,0%T (A7) + 2 050,057 |3
Total expected gauge generators: 10
Massive spectrum
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Pole residue: |2 +2X-2X >0
a. 4.
0 6
a.(a.-4B.)
Square mass: [-—=>— >0
8a.pB
6
Spin: 0
Parity: Even

Massless spectrum

k* = (p,0,0,p)

Massless particle

2

Pole residue: |£ >0
a.
0

Polarisations: |2

Gauge symmetries

(Not yet +implemented in PSALTer)

Unitarity conditions

a.

a. >0&&a. >O&&(B. <0 B. > —0)
0 6 1 1 4

Validity assumptions

(Not yet +implemented in PSALTer)




Key observation: thus we see that only the odd-parity scalar mode is moving with a mass, as claimed.

Minimal massive odd-parity scalar model

We will study the minimal model set out in Eq. (4.25) of arXiv:9902032. We will do this using the general coupling coefficients defined in Eq. (8).

1

aBxo aBx aBx
aé R ﬂxéaﬁ-'- E 'BJ'. T“ﬁX T +BJ._ T T

1
aBxo e

6

. R
3

R

axpBo

a B X
pax +2B; T TX,,
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(11)

aBx ap __ apx aB X ap X _ ap _ 5 (0B X a Bx ap X _ X ap X g8ra _ X gBF@  _ ap X 6, X _
””(54 gy * F T (05 4 a.(.ﬂaxﬁ.ﬂ + 72 AX +2fP g X 20,3 -2 7" oA X 27 oA ﬁ)+ﬁ.(2ﬂ o A -4 AKX o Caa AX OO 204X OfC -204 of X4 ad® of X-20

ap ap ap ap ap apx ap apx
K = 0uf g OF T v 05f o KT 40 OF O T 2 A (& v 20 ))+—a.(4aﬁmaxé-2aﬁ3{aéx+2aﬁmxéa-axgqaﬁé+adﬁaﬁx-2amaxﬁ)aﬁﬂ )[t, X, Y, Z)dzdydxdt
Wave operator
J Al S f‘II N Fr A
JA+ -(a —43-)_’(aé_4’31)k 0 0
N
o i(a.—4ﬁ.)k _ 2
St b 4B.k° o 0
'\/E 1
Tt 0 0 0 0
o % 2 . . . ] : : :
VAt 0 (0] 015 —ZBi+aék Tl 8 l'ﬂlaﬁ l'f"aﬁ {\glla l"ﬂla 1'f“a l'fla
1 gy 1 9P —l(a.—4B.) =l ’(“é‘”i)k 0 0 0 0
I P e e
O] R
: 0 0 0 0 0 0
At 5
1+ ap l(a.—4ﬁ.)k
3 ot 8 0 0 0 0 0 0
T e
L +© 0 0 0 —l(a.—4/3.) e —Ei(a.—4/3.)k
' 4\ 0 1 2 2 0 1
T t? 0 0 0 5t 0 0 0
: - =
1- a
U+ 0 0 0 0 0 0 0
10 @ 1 _ o o
Lt 0 0 0 le(aé 4'Bi)k 0 0 0 Z_g(uaﬁ Z'f"aﬁ ﬂllaﬁx
5 aB ] n(a.—4B.)k
”ﬂl\ -2 +3. [ 1 0
i DB i
24 28 _’(“6'451)" 2. K2 0
242 i
za 1| o o |- +8.
1

of gy
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Saturated propagator

Source constraints

9gl Od ¢ el
8 5. iNZ
o 1 N
'U”T a.?-4a.p. a.k @ g
) 0 1 o
o P2 L
0 T” T a.k a. 0 0
) [¢]
Ot 0 @ © 0
2
o —_— . . . : - - -
.ot 0 0 0 a.-4p,42a, K 1 dlap 1 T ap i} Uop gl oty U, e,
N 242 2i 2k
Lol 4P 0 ; ; 0 0 0 0
(a6—4 Bi)(l+k ) (aé—4 ﬁi)(l+k )
v apl2¥2 2 2k
| (aé—4 Bi)(l+k2) (a6—4 Bi)(hkz)2 (aé—4 ;31)(1»,18)2 0 0 0 0
vy L aB 2i /2 k 2ik 212
o U T (aé—4 ﬁl) (l+kz) (aé—4 [31) (l+k2)2 (aé—4 Bl) (l+kz)Z 0 0 0 0
242 4ik
Lol 4 0 0 0 0 - S0 T o
(a —4ﬁi)(l+2k ) (aé—4 ﬂi)(l+2k )
L a _ 242 _ 2 _ 2i V2 k
ot 0 0 0 (aé—4 ﬁi)(lafz ) (aé—4 Bi)(l+2 ) 0 (aé—4 Bi)(1+2 2)
Tdy 0 0 0 0 0 0 0
- @ 4ik 2i 2k 452
L 0 0 0 ; ~ 0 T vl . :
T (a,-48.) (1028 (a.-ap.)(1s20) (a,-48.) (120 Zalag  2tlap Flapy
165. 2i \2
P I S S i
0@ T a.?-4a. B. aék 0
] 0 1
. ap| _2i V2 2
d T a. k a. k¥ 0
0 ]
1
2 gl 4 2PX 0 o | 5,

Spin-parity form Covariant form Multiplicities
Or -0 050at (A47) " == 0 1

2ik Lg%+ 1p® = 0)0,0,0% (a+50)"X == 6,0%0,7 (a+50) P + 2 8,6°0,850" 3

1 = 8,050"t (847)™ == 8,01 (A+ 7)™ 3

cpoqe 0B 4. 0B a Bx 5 xa ap o _XBO 64 XaB __ a XB 5 ax X Ba B _Xao

Pk g™ + 0" == 0]0,0%7T (A+K) ~ +0,0°T (A+K)" + 0,01 (A+K) ~ + 2 050,00 +2 050°0,0 == 0,077 (A+K)" + 0y T (A+K) ~ + 0,0%T (A+K)  + 2 050,00 3

Total expected gauge generators: 10

Massive spectrum




—>
kt = (£,0,0,p)

Massive particle

Pole residue: ai >0

3

a.-4 8.
Square mass: |-—— >0

2a.

B]

Spin: 0
Parity: Odd

Massless spectrum

KM = (5,0,0,p)
E—

Massless particle

2
Pole residue: |Z >0
a

0

Polarisations: |2

Gauge symmetries

(Not yet +implemented in PSALTer)

Unitarity conditions

a.

a.>08%a. <08&&B. <=
[ 3 1 4

Validity assumptions

(Not yet implemented in PSALTer)

Calibration.nb | 9
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Key observation: thus we see that only the even-parity scalar mode is moving with a mass, as claimed.

Minimal massless odd-parity scalar model

We will study the minimal model set out between Egs. (4.47) and (4.48) of arXiv:9902032. We will do this using the general coupling coefficients defined in Eq. (8).

1

2 1
R -~ a. Ryyps R4 = a, R R k= B T o T +B. T T

a B gx
ap g "3 abxé 3 3 9xke 6 3 2 1 1 pax * 2P 70 Ty

(12)

aBx aB ap ap aB aB ap aB aB
””(54 Tapy * £ TB4K) g + B (4 aﬁsq“ﬁa -4 :ﬂaxx of " +4 y(ﬁXX e -2 a,,fXX I -4 f (aﬁﬂaxx - Xﬂaxﬁ) -4 F% aX:ﬂﬁXB —20,f " 0f X+ 4 aXfBX *4 R, 5 O =20 g OF T ~0uf g OF T +0sf o OF T +04f g

o ot 6XfaB) +2 Q. (403R, 5 - 206 R g + 206 g~ R s + 06 g, = 2 06A )aém“ﬁx)[t, X, 4, Zldz dydxdt

adx xoa axp

Wave operator

Al O % S

eAl | o 0 0 0
Ut o 4B K e | o
T | @ 0 0 0
- 2 + + + o - - _
CAt| o 0 0| @k TR YR Yl TR YA, e P,
v+ o 0 0 © o o 0
vt g 0 0 © o o 0
Al g 0 0 © o o 0
a4
A U el B 0 0 © o o 0
1 7L a
A R ) 0 0 © o o 0
1- a
Sk sl ) 0 0 6o o o 0
et e 0 0 © o o 0 XA 3Flap FA sy
>a1t| o 0 0
217 0 28,8 o
ratPX| g 0 0

Saturated propagator
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0gl T4 op Tg
Calt| @ 0 0 0
" 1
it @ Tipe O 0
1
1| 0 0 0 0
& 1
I + + o - - - -
-0t 0 0 0 “;kz .U"aﬁ l.UJ'aﬁ l.T"aﬁ l.O'”a l.Cfla l.T“a It a
ra 1% g 0 o |0 o o 0
v+ o 0 o | o o o 0
rat?l g 0 o | o o o 0
RS
Lk ol © o | e o o 0
1 a
el © o | e o o 0
SR
R ol B © o | e e o 0
174 4@ + + -
LTt 0 0 0 0 0 0 0 z.a"a[; Z-T"aﬁ 2.0uaﬂx
20t o o 0
1
20+ 0 e| o
1
25+ 9 o 0
Source constraints
Spin-parity form|Covariant form Multiplicities
Oz 050a1 (A45) 7 == 0 1
Vgl == 0 0% P ==0 1
rpf =0 8,00t (847 == 8,005 (a45) " 3
ra® =0 0,050 (845)™ == 0,007 (A7) 3
]:'Ula =0 axaﬁgﬁax =) 3
T =0 aéaaaxx‘s +00°0%% == 050,05~ 9
ra® o 0,0 (A+7)7X +0,0°1 (D17 X + 0,0 (A+7) P == 0,0%7 (a+F)Y P +0,0°1 (n17) ™ + 8,0%1 (a+F)C 3
];*O.J.aﬁ == 0 65axaaUXB6 + 656‘56)(0)(“5 == 656X650Xa6 3
ra®® -0 050,0°0*P% + 050°0,0°X == 0;0,0°**® + 8,0°0,0°"* 3
22X -0 36.0,00°0°P¢ + 3 0,006 %P 5 +20.00:° 0™ % +40.0%:0° % +2 0.0%;0°° %X +2 000,00 + 40,0050 0°*F + 2 0.0°050° ™ + 3 1PX 5,0%0.0%0° L3 n™ 0,0°0.050°P¢ +3 nPX 9,005 = 5
30,0;00°0°%¢ + 3 0.0°90° 0% +2 0.0°05,0°0"X° + 4 0.0%050°P° + 2 6.0°050°0°PX +2 8.0, ™P° + 2 6.0°0,0°0° ™ + 4 6.0°0;0°0“F + 3 N 8,0%9.9°° ;43 nPX 9,0%0.0,0°% +3 n¥ 3,0%0.0°%" s
2% - 3050,0°0°"° +30,0,0°0**° +2 n** 0:0050% © == 20,000 ° +3 (050°0,0°°X + 8:0°0,0° ) 5
Total expected gauge generators: 33
Massive spectrum
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(There are no massive particles)

Massless spectrum

kM = (p,0,0,p)
—_—

Massless particle

2
Pole residue: ;—P >0
1

Polarisations: |2

Gauge symmetries

(Not yet 1implemented in PSALTer)

Unitarity conditions

B. >0
1

Validity assumptions

(Not yet implemented in PSALTer)

Key observation: thus we see that only the odd-parity scalar mode is moving without a mass, as claimed.

Key observation: we have now reached the end of the PSALTer calibration script.



