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MINg Or virr-invariance
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¥ Gab

The points of the space-time manifold M have no
physical significance op their own. Fields do not live
on a fixed space-time Hackground, fields live on

other fields.

nons which are walid for all co-ardinate

hat in genenl, Laws of Nature are expressed by medns of equs
last remiants of

*lis amounts to the follgwng law
amations. | ] Tha condition of general covariance [ | lakes awsy the

syttems, that s, which are covanant f possible transo
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; , Y | 5 s _ .
lattice action: 17 / d"aTe(FopF*’) — 55 > Tr(Pe™ forien ) = —Siusice

plags

path integral: /"D;,--lj--- H/ AWhink . - -
. JSU(N)

links

Wilson loop observables: /'n|.:1]u STy (Pe™ fioun A) o« e=7@mIAren

beta function:  «%7 = _s(y)

da

continuum limit (2-nd order phase transition):
a— 0, g0, 7(a,g) = const.

all correlation lengths diverge in units of a
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» Gravity is different: The lattice spacing is itself a function of
the dynamical field: / =“\/|_r1..‘,-(.\'J.\"“.‘L"“

Jlink

» In LQG area is quantized: A, = 8xyhG \/5(j + 1)
» No limit to a critical value a—0, g—0, only N—e0

» Discretized theory approaches Ditt-invariance

v v ."\" » OX v ;
‘S;\-'[ffu l-"fu) t '54\'('fri|‘1111 1) > ".’:\"(‘J’u Ly Gn4 1)

[dittrich, bahr, rovelli, steinhaus) é
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Introduction v/
Elements of Covariant Loop Quantum Gravity
Recent developments

Conclusion
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quantum gravity in finite regions:

boundary Hilbert space Ulhao| € Hom = Hx, ® Hy,

omplifude map A (Y] = / 'D[ffnhl("'* ‘L’""“[-"“"}\li[h,,;,]

Gabp on M

|A‘” [(W; ® D] ’2

probabilities P(U;|®) = — 3
L,\, |A;u [‘l’;,. @ ‘l’]l

path integral formally solves the WdW equation:
YO Ay [H[N]W] =0

[atiyah—segal, witten, ..., oeckl, rovelli,...] 9
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canonical variables

Ashtekar connection A, =T [e] + vK',
: Y Q I = (1.0 T
electric field E" = ij R eime ™,

Hilbert space

spin network functions U [A] = f(he|A], her[A],...) € Cylp

Hilbert space H = Cylp/Diff,  Hp = Cyly./Diff
-

he|A] = Pexp( /\)

’ y L'..' (g"{ (2) Hink f-‘ll St ;'{2).”‘....<I- )

[ashtekar, rovelli, smolin, isham, thiemann, lewandowski, fleischhack, okolow, sahlmann, barbero, immirzi,...] 10
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spins, intertwiners and fuzzy polyhedra

4 . _9 A ! % | 5 (7] ) v
simplicial fluxes E / d*sq(halA]), E,* = 8ny hG L,
area operator Arp = \/rW ECES

area spectrum Ary = 8y hGG Z Vv J3ilgi +1)

t € Invegyy (H; @Hp @...)

[ashtekar, rovelli, smolin, lewandowski, thiemann,..., freidel, speziale, ..., bianchi, dona, haggard) 1
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.Ag, [:‘ll{; \ ’ Y /f\'t_’msl. (”._’_ SRoegge[{£}] . 'Sr“t‘_l.’,j_"t' |{[}l .

—{0) 5 {0}
N H]T(; —4 \
AN

N

validity of the expansion L, <

accidental curvature constraint NEA = dTna

fundamental length scale: L? = 87~y h(y
|

R[y]
areas: (% ~ 87y h(7 j

O]
curvature scale: L3,

[rovelli, han, zhang, barrett, kaminski, hellmann, fairbairn, bonzom, gomes, magliaro, perini, mikovie, vojinovic,...] 14
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B = €. Ns
. | j
Holst action S[A, ¢ —— / ( Y (€a Aeg) A F*(A]
Hi'.":(l_ ¥ i
: . in A | ' y W
simplicial fluxes Mos = 155 / (halA]) 1Y (e, Aey)
inG af
simplicity constraints (e Aeg)n® =0 =Ky + Lo =0
e :
(Ko +4L, ) I:‘,_;,_;)._j;u:}” ~ ()
L= 2% uan", K,=2I,an
Y o = Mg ld,m) = (v, j).jm:h“
vertex amplitude
Al / ! D[A]6(F[A]) Uymioons o [A] = (Pspcy0 Yo" f) (1,...)
: J SL(2,0) '- : -
connections A
local Lorentz invariance
[livine, alexandrov, dupuis, ww] 13

Pirsa: 15090076 Page 16/27



o
' I

.Ag, [:‘ll{; \ ’ Y /f\'t_’msl. (”._’_ SRoegge[{£}] . 'Sr“t‘_l.’,j_"t' |{[}l .

—{0) 5 {0}
N H]T(; —4 \
AN

N

validity of the expansion L, <

accidental curvature constraint NEA = dTna

fundamental length scale: L? = 87~y h(y
|

R[y]
areas: (% ~ 87y h(7 j

O]
curvature scale: L3,

[rovelli, han, zhang, barrett, kaminski, hellmann, fairbairn, bonzom, gomes, magliaro, perini, mikovie, vojinovic,...] 14

Pirsa: 15090076 Page 17/27



C<T' ‘:I‘H:’I"l” o ipp i
Wi~ W 30 pnp(Wr) = opope(Wpr)

inductive limit on irre 2 Hre = Hre, H [iim M, U Hy /
the boundary - l

(OA)

refining A(he, hery.o.L) = Jilll NaAa(he, hyr,..))

> X

/\T‘f’\'r'l'l icor

summing A(h,.h,-r....)fz Arhe By oo o)

— AdA)
Sy \wah
A . A
» embedding maps from AL vacuum? from new BF vacuum instead?
» summing = refining?
[ashtekar, thiemann, lewandowski, okelow, sahlmann, fleischhack,..., rovelli, smerlak, ..., dittrich, geiller, bahr, steinhaus, martin-benito] 17

Pirsa: 15090076 Page 18/27



Sarr(e] / ,n;/ dh' () K(h, k') p(h') + A x (interaction term)
Sl

JEU(2)4 y[1(2)4

. A A

wavefunction of a single tetrahedron

I
field operator | w(hy,...ha) — @) : [@(h), @' (R")] = [ o(hii b))
jm=]
Fock space H=F(L(SU(2)"/str¢2))) + glueing constraints

v\, I . Y ar 1 "
GFT condensates | |/) N, &P ( / dhf (h)»-‘i(h)) |0AL)

suU(2)!

further applications: Gross—Pitaevskii equation for condensate wavefunction f can give LQC

[rovelli, reissenberger, oriti, freidel, krajewski, ryan, ben goulon, bonzom, rivasseau, carrozza, sindoni, thirigen,...] 18
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A \|i||l Aa Ve > 034, VA = A, |A

g

. - = (I8 I‘J} vorticos
A= lim NaAan, Np = ( )

A—rox .jltl.‘!.\‘

v idea: cosmological constant provides a physical IR cutoff,
this is realized in 3d gravity (Turaev—Viro amplitudes)

17 |
SU(2) = SU(2),, q=exp (}‘Ij _)). ke N Diaing
v -~ tlr VA

» conjecture: the same happens in 4d with SL(2,C) turning into SL(2,C),

2 , o 1 3 1
SL(2,C) — SL(2,C),, ¢ {',\:p( - |) n S e R’

[rovelli, vidotto, han, smerlak, ..., dittrich, martin-benito, steinhaus,...]

200GV A

/

Aal -

hi: A

19
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simplicity constraints
geometry locally de sitter

|
3

AN / 'D:;l](-'v" x5 SeslAl “(Y,W)[A]

A-EPRL vertex amplitudes as SL(2,C)
Chern—Simons evaluation of y-simple
4-simplex Wilson graph operators

[haggard, riello, han, livine, girelli, dupuis, pranzetti, meusburger, fairbairn, .. 20

Pirsa: 15090076 Page 22/27



» conjecture: amplitudes are finite and give g-deformation
SL(2,C)—SL(2,C), (satisfied for Euclidean signature)

» rich mathematical structure: possible relations to quantum
curves, knot theory, Chern—Simons theory, string theory,
supersymmetry

» boundary Hilbert space: constant-curvature polyhedra

» at 4-simplex level correct semiclassical limit for j—¢0, yj=const

[haggard, riello, han, livine, girelli, dupuis, pranzetti, meusburger, fairbairn,...] 21
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Continuum limit: Limit of infinitely many simplicial building
blocks N—¢°, in both the bulk and at the boundary.

The theory has no lattice constant a, the physical size of the
simplicial building blocks is itself a quantum observable.

Area(f) /fiufip\/,,cu,,,f),,)_q(a),.,n,‘) (D, O)2
S

No limit to critical values a—0, g—0 as in lattice QCD

New methods needed!

4]
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