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Abstract: Torsion is a popular ingredient in gravity, yet fraught with quantum and classical pathologies. | develop a novel torsion theory, consistent
with power-counting and unitarity. The Friedmann equations emerge (with dark energy and radiation), as do pp waves and the Schwarzschild
vacuum, all without an Einstein-Hilbert term. | show that cosmology sees torsion as a non-canonical scalar, revealing a rich phenomenology of
conformal or waterfall inflatons, and cuscutons. | finally argue that future work will be driven less by toy-models, and more by computer surveys. |
advocate Hamiltonian and effective field theory approaches to non-Riemannian geometry in general, relevant to ultraviolet completion and modified
gravity alike. Such methods should be oriented towards the ultimate test of gravity: observed cosmological structure.
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Gravitational potentials

* Metric g, gives Levi—Civita connection

H o = L ofirr o 7 o
I A C pX Eg ((’Vg/\cr N (")\gVO' o (-Ugj//\)

* Tetrad b7, and inverse h;"" and spin connection A‘s’blu

1

_ a b v _ abyp oy v
g,tw — nabb ;,;,b vy & =1 ha hb
v o A (i b Aa
(%o n =diiog 0y, D A s

® Since Aab; is independent we may have contorsion K"‘/\u
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Gravitational fields

v

¢ Riemann curvature -2

v o__ A v A v
Ra:ﬁp. = 2(([3’r ol p +1 [(}:“Lr |,s'_5'])\)

e Alternatively Riemann—CaFtan curvature RUM

R = 2h /by () A+ A"O[!_IAOJ'B])

]

1

 Contorsion also gives us torsion 7., . = 2haahb"hCAKg[Ay]

Til = 2hk}u hly(e[f.x bi:x] T Aio[;.z.bov])

® Qverall structure

R~ %g+(0g)%, R~0A+A% T ~ b+ bA
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Why have we done this?
e Spinors call for transition to tetrads and spin connection

1 a ab
g,u,r/ — haf ’ b 73 A m

® Gauge whole Poincaré group vs diffeomorphisms
R} — R % SO™(1,3)
® Gravitational fields now adopt familiar Yang—Mills form

R~?3g+(0g)? — R~0A+A, T ~ob+ bA

This is Poincaré gauge theory [ Ryoyu Utiyama (1956) ,
I D. W. Sciama (1964) , & T. W. B. Kibble (1961)

e Torsion not intrinsically desirable, but worth including for
completeness
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The hard part is choosing a theory

® Traditional building blocks

R B8 RY — Rr_'t B

J 7 H us?

R = R%,
e Gold standard set by the Einstein—Hilbert theory
el = ~lmp2R
® New building blocks
Ry, Ru=RYy, R=R, Th, T, =T

® Einstein—Cartan and teleparallel ‘equivalent’ alternatives

Lo = —3m®R  Lg = mp?(ATancT™ + L Tonc 7O — 1T,T7)
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The hard part is choosing a theory

® Traditional building blocks

R B8 R — Rr_'t B

U n us?

R = R°,
e Gold standard set by the Einstein—Hilbert theory
e = @*%mfi?
® New building blocks
Ry, Riu=RYy, R=R, Th, T, =T

® Einstein—Cartan and teleparallel ‘equivalent’ alternatives

Lo = —3mp®R Lo = mp?(ATancT™ + L Topc T — 1T,T7)
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The popular Lagrangian

® The general ten-parameter theory is most commonly studied

lc =— %azompzn + 0, R? + a,RapR? + a3 RpR
+ ﬂARabcdRade ;o GSRabcdRade £3 QGRadeRCdab

+ B4 mp27;bcTabC + 5, mpzﬂbchaC By Tl 2

Ostrogradsky’s theorem: avoid cubic and higher invariants
e Parity: avoid dual invariants
® Gauss—Bonnet identity: can eliminate one of ay, a5 or oy

® Otherwise ten dimensionless couplings o, /3; (I'll always put
these in bluel)
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Flat, weak and free

Pirsa: 20120009 Page 10/54



Flat, weak and free [orsion equals scalar-tensor Hamiltc Extra slides: EFT
(o] lelelelelelelelele] 8] YOO OO N OV Y LS ) () OO S

Flat, weak and free

® [inearise on Minkowski background without matter or
cosmological constant

® Extra Lagrangian symmetries emerge if the «;, /3; obey certain
equalities: these critical cases must be considered separately

® Lin, Hobson and Lasenby performed an exhaustive survey
5 1812.02675, & 1910.14197 , building on earlier
work IR D E. Neville (1980) , X E. Sezgin et al. (1980)

® 1918 critical cases in total

® 450 of which are free of ghosts and tachyons under further

unitarity inequalities on the «;, 3,

® 58 of which are power-counting renormalisable
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Flat, weak and free juals scalar
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Power-counting abhors Einstein—Hilbert
#|criticality equalities ghost-tachyon exorcism inequalities 0-[0F[I-[IF2[2F[d.of
ll=ri=ti=tg=r3—2ry =0 ra+rs)(ra +2r5) < 0] ® o\ | -
l=r=ti=rg—ry=0 a(2ra+75)(ra +2rs) < O ® | ||| | °
8 =t =tz=r —rz=10 4T} < 0 &g oo
WGl=m=ry=ti=ta=ta=r—ra=0 s <0 bl b
ra(2ra +rs){ra + 2r5) < 0 ° ° . .
e i g o lo|s[ |s].. @ Note linear shuffling
ra(2ra 4+ r5)(ra +2rs) < 0 o o|P |e . !
Iy —2r3 41y =0 ri{r — 2rg — : e|a oo 'F | ( _)
l=ri=ra=ti=ta=r3—2ry =0 ra(2ra+rs)(rs +2r5} < 0 & g7 o ° O Coup Ings Sorry
5l=ri=ra=t1=r3—2ry =0 r 4 rg)(rs + 2y} < 0 o|d|gf || |e
Wil=ri=ti=ta=ry—2ry =0 r +rs){rs +2r5) < 0 o |&l¢P| o 4
3=r1=r5=0 0 < ty,ry <0 ECIRE ,-’3‘ / i )
=ry=rs=t1 +ta =0 re < 0,8 <0 o & ||| oo (k" i I i i r.f ? tl'
=ra=ry =t +t3=10 0 < tg,m <0 'o{no°°u
T4 s=t+tr=t; +ia=0 [ra 0,8y <0 o |&|g°|P|o|d
=10 0 < ty,73 <0 o |8 |47 P . i
- [ g o ® First column defines
=t =t3=0 0 <ty . &
Irg=ra+2s=0 |0<tor<0 . £l |o cases
Wll=ri=ra=ry=ti=tg=10 0 < tg, g < 0 L o | o
Wil=rq=ty=r1—7r3=2r +r5=0 o |&|gf| P 0
e o [o|e|s ® Second column
WMll=r =8 g —ry=2rs+rs =0 w17 & . . R
]
|k s unltarlty conditions
L] o || e|d
e |o|0o|f o .
| ol |* ® Final columns particle
e|lo|o|f|e
Ararard °
Bll=r1 =1t —ry =415 =0 o|o|f|P|o|a Content
30l = ry =4 —ri=2rabrs =ttt =0r2 < 0,6y <0 o lo|gf Plold
4415 =10 0 < ta, 13 < 0 e|c &£ °
=0 0 <ta,ro <0 e o d®|#| |°
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Background cosmology

e Cosmology is a convenient test
® Ansatz for tetrads is flat, open or closed FRW metric

a%dr?

ds®> = dt*— —
1 — kr?/rp?

a’r?(d¥ +sin*dd@?), ke {+1,0}

® Ansatz for torsion is scalar U and pseudoscalar @
A Nd % ’
T7pc = (&) (%Uéﬁ:"idb] - Qﬁadbc)

® Cosmological fluids are spinless radiation, matter and dark
energy defined by equation-of-state parameter P; = w;p;

wy=1/3, wm =0, wp=-1
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Background cosmology

e Cosmology is a convenient test
® Ansatz for tetrads is flat, open or closed FRW metric

a%dr?

ds®> = dt*— —
1 — kr?/ry?

a’r’(d¥ +sin*dd@?), ke {+1,0}

® Ansatz for torsion is scalar U and pseudoscalar @
e = (B:) (%U(—Sfc%ib] = Qfadbc)

® Cosmological fluids are spinless radiation, matter and dark
energy defined by equation-of-state parameter P; = w;p;

wy=1/3, wm =0, wp=-1
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Cosmological couplings

e Recall the general ten-parameter theory

lg =— %a-omsz +a,;R* + a-2RabRab — a-37?,ab7€ba
n (Tl'4RadeRade 1 Ck‘5RadeRade 4+ QGRabcdRCde
+ ;,;31 mp27;bc7-abc 4+ ,32 mPQEbCTbaC 4+ 83 mp27;7-3
® Apart from a (i.e. Einstein—Hilbert), five coupling

combinations are seen by cosmology
0

oy = %C}fl + %21-2 L %(1}13 Fi %G‘S — %(}-6
iy = %cml =+ %('}-2 + %(1-.3 =t %(}-4 = %QB e %0‘6
o3 = %(El + %(rz i3 %(kg E5 %C}'q_ — %(tg, I %0-6
vy =08, =287 vy,=28;+ B, + 35
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A quick aside: k-screening

® Some cumbersome minisuperspace equations follow (we will
soon show a far better way to do this)

(U3 + ag)a(aX + @ra) — 8mp 20302X —4my 20, Y0 Y —dmy 2X (0, Y2 — 4oy (X2 + k),

(4vy —(IOI32Y—4mp zéag—ﬁgflff‘/-i-lﬁmp 204 Yo X + 4m, 2Y:_rr;;‘/z—ll.rnp 2(a,X? + o3k)),

12:'2533 +12(vy + ag)a(d- X — X% — 3(4v, - nD‘,\aYQ — 1205ka + 2myom, + B8NS3,

12v,(2a02a — (073)) + 12(v; + ap)a(26: X — X?) — 3(dv; — 0p)a®Y? — 12agka? 4 6m, 205(16X3(X2 + 2k)
FY2(Y2 - 8k) + 16k — 2(0,Y)? — 16(3:X)?) + 12m, 20,((8: Y)? — 2X2Y2) — 4m,2p, + 12A2°

® Main point is that spatial curvature k € {+1, 0} is eliminated
from the system (i.e. 'k-screened’) if we set

()(0:0-3:0

e Recall o, couples mp?R and o5 couples some R? combination
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Return to new theories: fourteen cosmologies

* Map new theories by

cosmological o, o;, v;

® Power-counting o, = 0 at
the top, always removes
mp27?,
® Some literature on RHS
= A. V. Minkevich (1980) ,
& 1009.5112
& 1105.5001 ,
¥ Fei-Hung Ho et al. (2011) ,
@ salerasalele o 8
e & 1906.04340
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Flat, weak and free
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Return to new theories: fourteen cosmologies

e Map new theories by

cosmological ay, 0}, v;

I’ !

® Power-counting o, = 0 seen
at the top always removes
mp2R

e Highlighted ‘cube’ on LHS is
novel and imposes final
k-screening condition
o3 = 0 on the R? couplings
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No R and no k, can this possibly work?

® Remaining couplings o, o, for R? and v, for mpzT
® Eliminate scalar torsion U for pseudoscalar @ and Hubble H

® Then get a Friedmann-like equation and another for Q

Q. .Q -
Q=g A—=+h—-s+h=H+H+KH* =
Z g I's " 2gE T eg 4 5

* Note g = g(Q, H|oy,0,,v,) and f; = f;(Q, H|oy, 05, v5)

®* When matter P; = w;jp; dominates, pseudoscalar freezes
g— g, @—Q

® So this is a flat Friedmann solution for H with renormalised
gravitational constant G/g;
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Recovering the Friedmann equations

® Dependence of g; and Q; on dominant w; is cumbersome, but
can be tuned with ratio of R? couplings ¢ = 7, /0,

® Main point is that for numerically natural choices ¢ =1 and
v, = —3/4 you get g; = 1 for all dominant w;

So usual flat Friedmann equation } ; Q; = 1 is recovered

Frozen torsion branch 1 Frozen torsion branch 2 Comoving Hubble horizon T

1.00 .

10°4 — ACDM with GR
0.75 L3
14 ose _ L et 12
1/24 0.25 I 10 L1
0.00 = > Lo
/2 0.25 = = 09
i 10
0.5 08
fd
0.7 & }
100
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Emergent dark radiation

e (Cast perturbation of flat Friedmann solution as ‘effective’
matter component p — p + €peff

e Effective equation-of-state parameter also depends on
dominant fluid wefr = wesr(w;) = %(W,’ +1) — %\/QW? +3

Weff(1/3) = 1/3  wesf(0) =~ 0.211  wesf(—1) = —0.577

® Perturbation redshifts away at late times, looks like radiation
at early times (‘dark’ radiation)

@, =08, ANy gr~s42 @ =12, ANjam-23 Torsion phase (A-exit) ) Hubble shift (ACDM-exit)
r ]

Sdiviny _2-'_\-\ Qo= 0.6011 — 0, /2
— N W e \ im0 = 0.3089 — 82, /2
3 b 0= 247 x 10°3
= K: , "
J g .o B
2a1 1 P
£ — — o 4
. 1
7 - ACDM with GR
i

T T T T
107 107% 1072 107! 10f
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The Hubble tension

® Hy tension between low CMB inference and high local
observation Jg 1903.07603

e Early-Universe solution seeks to preserve the position of the
first CMB multipole peak I, = mDa(Zrec)/ s

- Zrec Hodz

b ( ) SIn (V/—Qk_o SO ?—I ) J~trec Csdf

Al Zrec) = — fs = =
Hor/—$2k.0 0o @

®* New physics increases early H for zec < z, e.g. dark radiation

e |nferred increased H for late z < Zzyec

e Popular [ 0702343 , [gf 1608.01309 ,
[&f 1902.10636 but problematic Jgf 1801.07260
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Torsion equals scalar-tensor
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Torsion-free analogue theory for cosmology

® Return to general ten-parameter torsion theory

Lg = — 2agmp?*R + oy R? + auRpR%® 4 a3 RpRP
+ (k4RabcdRade + O(SRabcdRade + O(6RabcdRCd8b
+ By M2 Tape T + By mp* Tanc TP + By mp?ToT?

® Restrict ourselves to flat k = 0 with Hubble H = a/a
ds? = dt? — 22dx?, T, = (&,)° (%Uc’ifcndb] - andbc)

e Carefully define scalars ¢, v» with the right conformal weight

o,
U=3(30+H), Q=1
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Quest for a scalar-tensor version

. A ilj' .
e Recall we have Riemann curvature R"”,,,, Riemann—Cartan
ij : -
curvature Rjk, and torsion T}'k

e Fundamental fields redefined as
a ab Lo
b i A 7 7 g;_z.u y Py Y
e Lagrangian building blocks, X?? = %VH(;‘)V“@

] ' ' 3 ¥ - ol b1p
Ryk‘hR!kva Tjk 97} — RO JIy 7 RQM,') R?Q‘)'} 'U’!vXO')!Xg)I ’

® Not as simple as separating out the contorsion: have to match
equations of motion
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Quest for a scalar-tensor version

. A ilj' .
e Recall we have Riemann curvature R"”,,,, Riemann—Cartan
ij : -
curvature Rjk, and torsion T}'k

e Fundamental fields redefined as
a ab Lo
b i A 7 7 g;_z.u y Py Y
e Lagrangian building blocks, X?? = %VH(;‘)V“@

] ' ' 3 ¥ - ol b1p
Ryk‘hR!kva Tjk 97} — RO JIy 7 RQM,') R?Q‘)'} 'U’!vXO')!Xg)I ’

® Not as simple as separating out the contorsion: have to match
equations of motion
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Final answer: non-canonical bi-galileon

®* Need a neutral vector B* and third scalar y
Lg ~ Go+GyR+(GEV o+ Gy V ,1b) BX +my (my®— B, B*)

e But y is a multiplier which turns B* into a Lorentz-violating
vector field [ 0407149

e Both y and B* are non-dynamical constraints, yielding

e ~ [%mpzvz + (_73@2 + %(03 — 02)'1;"',!2]/?

+ 120, X% + 6(05 — 0)X¥¥ + /[ ]

T %mpz(ao + 'Uz)@z - %mpz(@.o = 41;1)‘@"‘;2

4

+ %03@) — 30, H%? + %(’73 b

) |

Iy = 401-2;’)35”(@“);,/ V) — mp2(o<;0 + v,)0, ¢

Pirsa: 20120009 Page 27/54



Torsion equals scalar-tensor
ele]elole]l lolelelelelele]

Anatomy

e Torsion implies a Jordan frame

1 1 ,
fe = [—mpzz:z + 030% + 5(03 - ”2)“2} ﬁ

2

+ ].2(73X©0) + 6(0_3 — Uz)XtI}uﬂ] 4 \//m
3 . 3

T Zmpz(aso + v, — Zmp2(a:0 — 4o, )o)?

3 3
i 5036)4 — 30,0%)% + X L

0
i

Ju =40 1"*.+/f’3vu- (lp
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Anatomy

® Non-minimal coupling naturally conformal

1 1 ’

Lg = [_mpz“z + 0367 + 5((»’3 —0)Y7 | R

2

+ 120_3X@@+6(O—3 —‘(_Tz)X@w +\/W
3 . 3

T Zmpz(aso + )7 — Zmp2(a:0 — 4o, o2

3 o m
i 5036)4 — 30,0%)% + 573 L

10,

2 J
; ) — mp (GO 5 7_"2)v}u§)

Jy =40 1-2,/;3VH, (p
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Anatomy

* Mass terms (eliminate tachyons)

1 _ 1 |

2
+ 1203 X% + 6(03 — 05)X¥Y + /|4, |
+%mp2((ro + vy )% — %mpz(cyo — 4oy )92
+ 503@4 — 302®2u’)2 + 5(_73@')4
Jy = 401-2;_’)3VH_ (?) — mp* (g + Up)V 0
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Example: Einstein—Cartan equals cuscuton

® Recall Einstein—Cartan ‘equivalent’ @o general relativity

|

e Scalar-tensor version doesn't even contain R!

LG = 7mp2 (\/2|X@Q| - ZC)2 4 Z’J"2>

* Reconcile this with cuscuton on FRW [gf 0702002

; 3¢, 2
—my°d’ =~ 161 my°R
c
2

cimy X
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Example: Einstein—Cartan equals cuscuton

e Recall Einstein—Cartan ‘equivalent’ to general relativity

|

e Scalar-tensor version doesn't even contain KR!

/ - 3. 3
Lg 2~ —mpz (\/2|X@Q| — 1992 + ZQF'Q)

* Reconcile this with cuscuton on FRW [gf 0702002

. 3¢, 2
— o mald?  ~ L m.2R
2 Mp ¢ p
16(:2 ™

/ .
cy 2| X
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Example: teleparallel equals Einstein—Hilbert

e Teleparallel theory also ‘equivalent’

A~

1 1
I—G _ mp2 (gf?;bCTabc + EbCTbaC - 57;7-‘3)

e Scalar tensor version contains R this time

1

Ny 2 forxes| _ 342 0 3.2
[ ~ 2mp §+mp (\/ 2|X-°Q| 4@5 + 41{, )

e But Weitzenbock connection removes ¢ = ) =

1 2
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Example: conformal inflaton

® Set Q= —Uy = 1 and oy = 0 and define weightless ¢ = C)j/l/‘
: 2 1 /2 )
Lg =~ —5Mp R — ChE R — 60, X"

B 3 |
+4o,934 /2| XSE| — 30,2t — Zmpzu — 4oy o2

e New conformal cuscuton identity

13, [o]x¢C 24 9% (yyp , L1 2
¢y Y _\#/Q‘X. | — (Y™ =~ e A El/ R
2

® So end up with conformally coupled massive scalar!

Lo~ —=mp2R + — 2R + X¥% — Zmy22, my = —2 = m
G Mo T W T 2% T T 2464020, P
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Return to promising theories

e Unitary and power-counting
renormalisable when
linearised on Minkowski

e Our lucky theory

og =03 =v; =0

® Replicates flat Friedmann
solutions for any k

e Can add or dark radiation as
reheating b.c.
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Return to promising theories

* More general version

O(O = 0_3 — O

® Propagates two massless
modes and a massive
pseudoscalar

® | et's see what it can do!
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Move into Einstein frame

® Recycle 0, = 0y, v, = —3/4, leaving oy, v, free, conformal
shift to Einstein frame and reparameterise ¢, 1) to ¢, &

1 ——
Lo~ —= mp? R+ X% — V() + my (/XS] + 7myw(€)*¢

* Note w(&) regulates both cuscuton ¢, and conformal shift

1
g,uz/ e (1 A gw(5)2) g;u/

® Canonical scalar £ has a potential V(&)

V()= Zmgt (14 gu(e?) (1+ 50162

g4

® But unitarity o,,v; <0 so V(&) > 0 acts like dark energy!
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Return to promising theories

* More general version

O(O — 0_3 — O

® Propagates two massless
modes and a massive
pseudoscalar

® | et's see what it can do!
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Move into Einstein frame

® Recycle 0, = 0y, v, = —3/4, leaving oy, v, free, conformal
shift to Einstein frame and reparameterise ¢, 1) to ¢, &

1 ——
Lg = —= mp? R+ X%~ V() + my’w()* /X + 7myw(€)*¢

* Note w(&) regulates both cuscuton ¢, and conformal shift

1
g,uz/ = (1 53 gw(5)2) g;u/

® Canonical scalar £ has a potential V(&)

V()= Zmgt (14 gu(e?) (1+ 50162

g4

® But unitarity o,,v; <0 so V(&) > 0 acts like dark energy!
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Inflation from negative vacuum energy

e Add a negative bare cosmological constant Ag < 0

® Triggers a de Sitter expansion without reference to |Ag|
H? = (’--‘1/201)”%2

® Easy to see in phase space x ~ SH and y ~ 4/ V(&)/H

i
o

s

¢
=~ 4 - \®> st /’
/ q<0
; ‘ ,/'%{"/‘%//!/J‘J/O<q

—06 -04 -02 00 02
=
} : ‘ . |
0.0 04 0.8 1.2 1.6
Dimensionless phase velocity H—1d,
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Emergent dark energy

e Add a conventional bare cosmological constant Ag = 0

® Triggers w(&) — 0, where Einstein and Jordan frames coincide

1 s N Y v T P I
lg ~ —5 mp2 R+ Xss — V(f) + mpy~w(&) V| A + 1 my-wi(& _?4;‘_,'

® Frozen potential V(&) augments Ap

1
H2 = = (AB ~ I—lmp2>

3 o

® Dark energy and dark radiation options for flat Friedmann
solutions
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Inflation from negative vacuum energy

® Add a negative bare cosmological constant Ag < 0

® Triggers a de Sitter expansion without reference to |Ag|

H? = (’--‘1/201)”%2

® [Mmsy to see in phase space x ~ SH and y ~ /V(§)/H

0<gq
—-04 —-0.2 0.0 0.2
.
} i j . 1
0.0 04 0.8 1.2 1.6
Dimensionless phase velocity H—18;
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Questionable assumptions

Ghost, tachyon free power-counting for ‘flat, weak and free’
® |inear renormalisability never very important. ..

® Yet linear unitarity almost certainly insufficient!

Need to transition to nonlinear Hamiltonian analysis

Oe———~
Linearised theory N d.o.f N+ ndo.f

Le ~R? + mp2T2 propagate propagate
appears stable on M,
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Propagating degrees of freedom

* Hamiltonian structure [ M. Blagojevi¢ et al. (1983) ,
& 9902032, [gf 0112030, [gf 1804.05556

® Torsion implies 40 field d.o.f
16[h%] + 24[A% ] = 40
¢ Poincaré symmetry leaves 20 potentially propagating d.o.f

40 — 2[gauge| x 10[R"® x SO*(1,3)] = 20

These are 2% massless graviton and 0T 1T, 27T torsion
particles (called tordions or rotons), usually massive
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Hamiltonian building blocks

®* Among the canonical variables there are 30 d.o.f which are
accounted for by O(3) irreps under the 3 + 1 decomposition:

30=1[0"] + 3[1"] +3[17] + 5[2"] + 1[07] + 1[0 ] + 3|1
+ 3|17 | +5[27|+ 5[27]

® \We label these basic moving parts

.-"‘\

PV L PRI Pl OkiL2 |0 p|C
/; e 1 ! :’—,:_.)' ! r“; . T.'n ‘
071 RN PR R PR 7 vm‘w’ |

® Main point to remember is o are linear in momenta 7

o~m+R o o~um+T
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Primary constraints

e Standard definition of canonical momenta

8| A
. 0 bLG o (bLG
7'["- — bl T{-U —_— U
o 0CoA M

® For certain «;, 3; these definitions may imply one or more of
the ¢ become primary constraints

p~0
® Total Hamiltonian enforces these with multipliers u

Hr=Hc—u-¢
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Dirac—Bergmann and Castellani algorithms

® But if ¢ ~ 0 then you need © ~ 0

o,
p = Jdg’X’{eﬁ- Hy} = Jd3X’ ({esHet —u-{p.0})

If {, )} % 0 you can satisfy ¢ ~ 0 with some u

If {¢, ¢} ~ 0 you get secondary constraint x = {¢, H¢}

® Process continues to satisfy vy &~ v ~ 0 and so on. ..

Once all consistent, you can count the unconstrained d.o.f!
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Primary Poisson matrices

* Matrix {\,0\,0&3 between all primaries ¢ is significant

e Call this Primary Poisson matrix

® | inear matrix structure should be preserved in nonlinear theory
® Change in rank may activate a ghost (strong coupling)

® Rank dependent on position in phase space associated with
acausal modes & Hsin Chen et al. (1998) , [J&f 9902032 ,

& 0112030
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Eight allegedly viable theories

® | inearised. ..

vy R .
YR P Pk @ I 1
05" = 3 :
. b k L Y 3
5 @ el 5
1 o5 3 Pi s ) 5
5 eF 3 YA, 2 1
s =
5 PR v ] s y 5
- s E ’ s 5
1 o |- 5
5 1 3 3 5 5 i
1 3 5 1 3 3 5 5
Lo ! o | |
~ P Pk PR P PLE ¥ .
Pl LW YE PIR Y S “'51 °1 HOYm
¥ 1 1 4 1
PG 3 3
3 1
eF 3 3 2 1 r
. . f - 5
¥ Lkl v Lkl
i 5 5 ik 5 G ;
Yiie 5 s, 5 )
1. 3 3 B 5 VKo 13 1 5§ 5
3 3 5 5 13 11 5 5
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|dentifying ghosts
e Focus on kinetic part of canonical Hamiltonian
1 PR
He = %’HL + N“H,, — EAJO?{U + 0, D%,
® This can be expressed in terms of unconstrained ¢ functions
p~T+R o p~7m+T

e Signs of quadratic terms then reveal any ghosts

gy 7 T ST 0 P, 2 N 7
T bmre by g¥ L 2emet | 2¢ N o 2p.mp
= 16| 38,m,2 (B +28;)mp? (28, + B,)mp? Bimp2  3(a, +ag) 6o, + aj) a, + oy
: ~ ~ %I Yoo AR
pre’ | 20N 16T e 1 s _ :
+ w:*’ "—ﬁ’ + = e 5{2,;'1 + By)m>2T, gl i §{,__11 - 2:‘12'\mp2'7—?’rk
Oy + o o, + o, (a; + ) -
4T Q5 17 @y 1 2/
13 2Pg2 16 2T TTW I LA 1R2 1 Pp 2. 9 v )R 7—.[@
— =P3Mp —'—?.Hmp ey = 6‘.':.14Tl:‘6.‘l _6\[]2?(.1'3" | —+ -._LL2—'—r|51_,|WIl

‘- B kK oo oovp  o@, 16 Tp _ Tplke kp - a
+(ag+ ag)R ZR™™ + 2(ay + oy )R R +glog tay) R R -n' D, m°.
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Current status

® Survey is still ongoing!
® So far ruled out six theories
on the map

® Since success ratio is so low,
might be better to start
with nonlinear Hamiltonian
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Current status

Hamiltonian stability
(o]e]elelelolelele] lo]

HiGGS (Hamiltonlan Gauge
Gravity Surveyor)/Wolfram

Primary Poisson Matrix in
seconds

Linear constraint chains in
minutes

Nonlinear constraint chains
with human assistance
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Summary

® Beginning with linearised unitarity and power-counting
renormalisability on Minkowski, there is a catalogue of theories

¢ Power-counting always eliminates Einstein—Hilbert term
® Power-counting often screens spatial curvature

® Yet viable cosmological background emerges

® Options to add dark radiation /energy

® Schwarzschild and pp waves (in prep)

e The torsion background is a non-canonical scalar-tensor

* Hamiltonian analysis more stringent and can be automated
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Flat, weak and free

® [inearise on Minkowski background without matter or
cosmological constant

® Extra Lagrangian symmetries emerge if the «;, /3; obey certain
equalities: these critical cases must be considered separately

® Lin, Hobson and Lasenby performed an exhaustive survey
5 1812.02675, & 1910.14197 , building on earlier
work IR D E. Neville (1980) , X E. Sezgin et al. (1980)

® 1918 critical cases in total

® 450 of which are free of ghosts and tachyons under further

unitarity inequalities on the «;, 3,

® 58 of which are power-counting renormalisable
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