in[-1- Get@FileNameJoin@{NotebookDirectory[], "Calibration.m"};
First we import some formatting...
...okay, that's better, from now on any commentary written inside this

Calibration.m wrapper will present as blue text (i.e. this text is not

part of PSALTer, it is just a use-case). Next we load the PSALTer package:

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® version 1.2.0, {2021, 10, 17}

CopyRight (C) 2002-2021, Jose M. Martin-Garcia, 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 $PrePrint assigned value ScreenDollarIndices
+»+ Variable $CovDFormat changed from Prefix to Postfix
*»+ 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.
x»+ 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.
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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 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 HiGGS® version 2.0.0-developer, {2023, 1, 13}

CopyRight © 2022, Will E. V. Barker and Manuel Hohmann, under the General Public License.

HiGGS incorporates code by Cyril Pitrou.

Package xAct PSALTer  version 1.0.0-developer, {2023, 1, 13}

CopyRight © 2022, Will E. V. Barker and C. Rew, 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.

Now we set up the general Lagrangian:

r. r. 2r. 2r.
. 1 2 Ui 1 2 0
U R P 1 S R I S L
X ij 3 6 ijhl 3 3 ihjl
r r N
(n+n)Rl, Whj+0.r)ﬂm’ R s|l=+=-r R R
4 5 jl h 4 h il 3 6 3 RLij
A t t A t. t t 2¢t.
1 2 1 2 3
— +— + - Tth+————+— TthT +]|-A ——+—7""‘7",h
4 3 12 Uh 2 3 6 Ihi 3 hi

We also knock up some simple tools to linearise the Lagrangian:
»+ DefConstantSymbol: Defining constant symbol PerturbativeParameter.

Now we would like to check the basiic

Einstein-Cartan theory. Here is the full nonlinear Lagrangian:

t. RY
1 j
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To use PSALTer, you have to first linearise

this Lagrangian to second order around the desired vacuum:

tiy{ N ﬂqij ai ai

ai j ] i 70l _ ) j
aji +tiﬂ . ?(i J+2tif a"ﬂuj Ztia,ﬂ a 2t. F 8,.?{

1 a i
Now we pass this theory into the PSALTer package, which computes the particle spectrum:

The (possibly singular) a-matrices associated with
the Lagrangian, as defined below Eq. (18) of arXiv:1812.02675:

ikt. ikt. 0 0 0 0
0 1 0 0 1 0 t. t.
" Ve 0 -2 ikt. — 0 4
{ ﬂkti . \/? (—t. ) ikri Zi ti 2 1Nz V2 ( ti )}
gV -ti SRVE kti ’ Pi-m s cHE e —ﬂkti 0 o | ikt 3
t. £ B V2 )
- 3 1
0 i+ kt. 0 6 -— © =
> : NGl 0] NG 0] 0

Gauge constraints on source currents:

b

- - . . ab .. a ... aq _a o a
(Y= Ve, g p® kvt =2k 1", v =0}

The Drazin (Moore-Penrose) inverses of these ag-matrices, which are functionally

analogous to the inverse b-matrices described below Eq. (21) of arXiv:1812.02675:

1 —1} ER 2 P2k ik
8k%t. 2 A2 ke, 8k%t. -
i 1 1 (1+k2)2 . .kt (1+k2)% ¢,
1 1 1 1
)
; o i3 1 i\2 & 0 V2
{ 2 4/2 kt. 2kt. |2 &) tok2t, tok2t. |2
1 1 1 1 1
NG i Lz 5 ik N2 1
Y 2re Bec. (1+4%)% ¢t toek?t. (1ek2)2t.
i i i ! !
0] 0 0 0
2ik 2
0 0 —_— V2 1 042
to42k2 ¢, L2kt = XY=
1 1 1 1 th. kt >
2ik 242 P2k * . =
- - ) i‘\/i b t.
ta28e (W20fe (L26)e. R Sl '
1 1 1 1 kt.
NA iV2 & 1 '
ta28c (W2 (1246).
1 1 1 1

Square masses:

O 0, 00,8, 8

Massive pole residues:

600600

Massless eigenvalues:

Overall unitarity conditions:
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p<0&&ti<0)||(p>0&&ti <0

Okay, so that is the end of the PSALTer output for Einstein-Cartan gravity. What we find
are no propagating massive modes, but instead two degrees of freedom in the massive
sector. The no-ghost conditions on these massless d.o.f restrict the sign in front of

the Einstein-Hilbert term to be negative (which 1is what we expect for our conventions).

Using Karananas' coefficients, it is particularly easy to also look at GR,
instead of Einstein-Cartan theory. The difference here 1is that the quadratic
torsion coefficients are manually removed. Here is the nonlinear Lagrangian:

A | n L i .

AR s—A T T AT T o +A T
. L R ik 2 . jih . i

Here is the linearised theory:

h
jh

-2A. ﬂq'ii anfuul_zA- fQG' 60"ﬂqii+2/\'aﬂ"ﬂqnlq+2/\. ﬂq'i 60')‘-00
[P aa' i aa' i Q' 0 i . aq’
A:au.f i6fu+2}\:f 61.?{0 Q,—A:c’)nf of Q,+2/\:6fuaif u'+2/\f .7{0,“]6 -

f

i.aa'

i.aa' 1 i.aa' 1
Ao Bof . OfF +— A.O0f. , Of - — A.Ogf . OF
: a'i 9 . ia : ai

1 v 1 !
i 00 i .00
+;)\:6\fqu,af +;Aj6ifq.06f
Now we pass this theory into the PSALTer package, which computes the particle spectrum:
The (possibly singular) a-matrices associated with
the Lagrangian, as defined below Eq. (18) of arXiv:1812.02675
3ikA.

5 0
{ 3ikA. ; 3 (0)
= 0 h/; kA | )
0 —i Al 2 kAL 0
2 .

-2k%A. -

0 -ikA. 0
0 —i2 kA 0 ~
: kA, O  -ikA. 0| (K2A. 0
i2 kA, 0 0| : -] , (0 )}
: 0 ikA. o 0 o 0o
0 0 (0] .
0 0] (0] 0
Gauge constraints on source currents:
{0,70”" == 0, 1.*Ub¢°b == 0, 1.70“0 =0, l"rbua + l"riuq == 0, %*leub == 0, 2_’Uu7||°bc - 0}

The Drazin (Moore-Penrose) inverses of these ag-matrices, which are functionally

analogous to the inverse b-matrices described below Eq. (21) of arXiv:1812.02675:
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_ 0 Wil
2k%A. 2Kk%A.
: : (0]
R 2
3
{I © o —= [, (0),]|_
2 kA
2
3 '\3 3 0
2K 2. KA. 2k A.

Square masses:

48600600

Massive pole residues:

84,0060 0

Massless eigenvalues:

rFor
bW
Ao A
Overall unitarity conditions:

(p<O&&/\: >0)||(p>0&&/\: >o)

Thus, the conclusions are the same, as expected.
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2kA.
o -— = 0
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