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Theories of gravity

Strong coupling in gravity
» If perturbation theory around desirable exact solution fails to
capture some inherently nonlinear d.o.f...

» ...that d.o.f is said to be strongly coupled on the background,
which becomes dynamically unreachable (Jgf 2009.08197

.
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Theories of gravity

Strong coupling in gravity

> In D > 4, fine-tuned Gauss—Bonnet admixture strongly
couples the whole graviton on a maximally symmetric
background ([g 0807.2864
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Theories of gravity

Strong coupling in gravity

P> Horava gravity suggested to be strongly coupled in the
IR @ 1701.06087 , @ 0905.2579 , @ 0911.1299
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Theories of gravity

Strong coupling in gravity

» Massive gravity has problematic vDVZ scalar, but nonlinear
completions show that vDVZ becomes strongly coupled
(screened) R M. Fierz et al. (1939) ,

[ H. van Dam et al. (1970) , ¥ V. I. Zakharov (1970) ,
X D. G. Boulware et al. (1972) , [&] hep-th/0210184 ,
[ A. I. Vainshtein (1972) , & hep-th/0106001
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Theories of gravity

Strong coupling in gravity

» Same strong coupling effect blamed for Boulware—Deser ghost
(final status of massive gravity
contested) I D. G. Boulware et al. (1972) ,
@ gr-qc/0505134 , @ 1401.4173 , @ 1007.0443 ,
& 1011.1232
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Theories of gravity

Non-Riemannian gravity (geometric formulation)
> Most general connection contains contorsion and disformation
V V=0, VE T VAT =+ K, L,
» These introduce torsion and non-metricity Q,,, =V ,8,,

LM

oo + Ty

1 1
— I’L _ —
vo 2Q Q(V| |o‘)’ K vo — 2
» Einstein—Hilbert Lagrangian of GR is really

1.
LG = —ZR‘F )\ ,OUTM ;)\MPJQN’DJ
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Theories of gravity

Torsion particle zoo (particle physics formulation)

» Metric (tetrad) and torsion (spin connection) are 40 d.o.f

) ab 1 _
16[hL] + 24[A /1] =40

» Gauge fixing Poincaré symmetry leaves up to 20 d.o.f

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

» These are the 27 graviton and 0%, 1%, 2F massive rotons

20=202"]+1[0"]4+ 1[0 |+3[1"]+3[1 |+5[2"]+5[2]

W. E. V. Barker Supercomputers vs strong coupling in gravity



Hamiltonian methods

Hamiltonian for missing velocities

>

Lagrangian L(¥",4") has N d.o.f 9", only M < N dynamical

» Hamiltonian H(¢", 7,) = 7™ — L has 2N d.o.f 4", 7,

» Non-dynamical d.o.f from missing )™, demands constraints

oL

= —=0, mW", ) =m0
oo m(V", mn)

Tm

‘Weak' equality ¢, ~ 0 defines physical part of phase space

Hamiltonian made invertible for all @b” using multipliers u”

Hr=H-—u"p,
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Hamiltonian methods

The Dirac algorithm

» So we can use the total Hamiltonian Ht = H — u"p,, to study
the dynamics

> But need condition that we keep ¢, = 0, equivalently
Om = /d3x’ {(pm, H’T}

= /d3x'[{cpm,H’} - u”’{cpm,gpl,,}] ~0

» Depending if {¢m, ¢n} =~ 0 this determines u" or sets x, ~ 0

Xm0, 70) = {om HY = 0, u" ~ {om, on} " {pm, H}
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Hamiltonian methods

Finding the d.o.f

» Repeat to find total of C primaries @,, secondaries, xp...
» Of these Cpc commute with everything (first class)

» While Cs¢ = C — Cgc do not commute (second class)

» Remember L(¥",4") has N d.o.f ", only M < N dynamical
» Dirac algorithm gives systematic way to find this

1

M= 5 (2/\/ —2Cfc — Csc)

» Poisson matrix {¢n, om} is thus particle spectrum ‘barcode’
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Hamiltonian methods

Yo—Nester no-go theorem

» Remember the 2% graviton and 0+, 1%, 2* massive rotons
20=202"]+1[0"]4+1[0 | +3[1"]+3[1 ]+5[2"] +5[2]
» Famous Hamiltonian analyses (J& Hsin Chen et al. (1998) ,

& gr-qc/9902032, [T gr-qc/0112030

> Activating any one roton strongly couples others (possibly
except 07 and 07)

» It has become doctrine to avoid non-Riemannian extensions
beyond exact GR analogues (g 1903.06830 ,
& 1903.12072 , X Daniel Kristoffer Blixt (2021) ,

g 2111.04716, g 2006.07406
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Hamiltonian methods

Even the ‘new IR’ is strongly coupled

> In (& 2101.02645 we tested novel quadratic
Lg = R? + T2 theories from (& 1812.02675,
& 1910.14197 , & 2003.02690 , [ 2006.03581

» Linearised. . .
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Hamiltonian methods

Even the ‘new IR’ is strongly coupled

> In (& 2101.02645 we tested novel quadratic
Lg = R? + T2 theories from (& 1812.02675,
& 1910.14197 , & 2003.02690 , [ 2006.03581

» Linearised... nonlinear!
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The HiGGS code

G

» Hamiltonian analysis of curvature/torsion (Jg&f 2206.00658

» Mathematica package, based in xAct
(xAct.es (JEf 0704.1756, ([&] 0802.1274
@ 0803.0862 , @ 0807.0824 , @ 1302.6174 ,
B 1308.3493 )

» Can use on a desktop, but parallelised for supercomputers

» Clone the repository at github.com/wevbarker/HiGGS
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The HiGGS code

Scaling to supercomputers

SLURM
Node Cluster P> Trick is to parallelise over
Launch master .
$KerneLID = 0 Poisson brackets
BuildHiGGS[]
| L » Model as an Amdahl task
aunch sub-kernels
————  $KernelID > 0 H
= om0 > 5§ David P. Rodgers (1985)
for n-core speedup s(n)
1
S(n)=—5
_ P>
1-p+4

> Parallel fraction p limited by
a few ‘hard’ brackets
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The HiGGS code

Scaling to supercomputers

» Why are Poisson brackets ‘hard’? Formula is for functionals
{A,B}=/d3x{OA 8B . A 6B SA 6B 0A OB

i [N [y Iy w] Y]
ob', o, SAY, 57rl.j omt ob', (571'0. SAY,

» But /ocal quantities are functionals via Dirac distributions
{A(xl), B(XQ)} = /d3x[J1(x)(53(x — x1)83(x — x2) L% (x)03(x — x1)8, 83 (x — x2)
+ J%(x)9, 83 (x — x1)83(x — xz)J4”ﬂ(x)6a63(x — x1)0503(x — x2)]
» Thus local Poisson bracket can be a differential operator
/(13X2{Au(xl)rB\?(XZ)}C‘;(XZ) = J1y (x1)C7(x1) + Tpy * (x1) Do C¥ (x1)

+ T3, (x1) D, D4CY (x1)
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New ‘contact’ gravity

Lagrange multipliers

» Remember GR Lagrangian

1 1.
LG:_ER—'— )\pUTM _i_g/\upaQupa

» Now extend use of multipliers Jgf 2205.13534

Lg = 2/£R + Z (alR o + AN, ) ,E)WU/JMECRW&

3
A - ~ 1.
+ Z (BI\/I T +Bum )\MVU) MPMVUWK TW&C + ;)\#pa Qupa

M=1

x|
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New ‘contact’ gravity

Supercomputer survey

» Start with strongly

coupled theory

» Brute-force the
Hamiltonian analysis
of 3x 23 x23=192
variant theories

. » About one hour using
the Peta-4
supercomputer

» One line per core, one
colour per theory

Node 11

Nede 13
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New ‘contact’ gravity

Supercomputer survey

» Special case identified

1
- _ [wv]
Lg = 2K,‘:\’—l—ou‘:\’[W]F\’“

1
+; AL (Tupa + T,

1.
§ o
+55 T 05) + EAMP Qupo

» No new d.o.f beyond
GR graviton

» Not even strongly
coupled d.o.f
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New ‘contact’ gravity

Supercomputer survey

» Special case identified

u Tu__ . __1 [uv]
Lij uijk LG = —ER + OKR[MV] R
~ ~ T T 1
ILE(_ ————— @5 )(iTk (=== == (PiTk +E/\MPU<TMPU + Tpug
4o-TE + lj\ o QH
p ! ot e pa
¢ ~ T4 T y .
(L U TETTTT > X% » Nontrivial correction
o o Lo to GR from an action
L T T » Strictly no new

particles (even in
strong gravity)
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New ‘contact’ gravity

The ‘contact’ theory

» Correction to Einstein field equations

KTy = Gy + K [2 (2RA[u RV])‘ + (2R(#[)\U]V) + g R[)\U])R[)\a]>

(T2 T+ T-V+92) 0 R

p[Ao]

» Where all non-metricity and part of the torsion is disabled

T#

W I S P _
ol T ') 7O T =0 Q) =0

[
» And remaining torsion subject to auxiliary constraint

T =an(T+V) MRW]
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New ‘contact’ gravity

Summary

1. Perturbations around exact solutions meaningless if you don't
know the nonlinear d.o.f (unless you are doing EFT)

2. Hamiltonian analysis can be done on silicon, and at scale

3. HiGGS package available for curvature and/or torsion gravity

4. Nontrivial, action-derived modification to GR with no new
d.o.f and no strong coupling (awaits further study)

A A

KTy = Gy + ok [2 (2RA[u Rt + (2Rt + 8w Rinog ) R Ul)

2 ) . 2 [Ao]
+(T24V T+ T V4+V?) R }
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