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purely combinatorial and algebraic (e.g. spin networks)

* interpretation (at best) as discrete geometry
(algebraic data ~ discrete geometry)

« superposition of quantum geometry and topology
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shared issue of most QG formalisms

« quantum states and dynamics of pre-geometric dof:
purely combinatorial and algebraic (e.g. spin networks)

* interpretation (at best) as discrete geometry
(algebraic data ~ discrete geometry)

« superposition of quantum geometry and topology

- no manifold, no space/time directions, no fields in fundamental theory

* how to approximate with continuum geometric structures? how to connect to GR and EFT?
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« full Hilbert space (arbitrary number of (connected or disconnected) tetrahedra):

TGFT Fock space JT_‘(;L[U) _ @C\)/O:O sym { (7‘[1()1) R 7’[1()2) R ® Hq()V))} B H’y \V/7

same kind of quantum states as in canonical LQG



Tensorial Group Field Theory formalism, models with rich enough quantum geometry

dynamics of quantum atomic geometry
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of arbitrary topology
Feynman amplitudes (model-dependent) = spin foam models ("covariant LQG") = lattice gravity path integrals
Reisenberger,Rovelli, ’00 (With group+Lie algebra variables) M. Finocchiaro, DO, '18

A. Baratin, DO, ‘11
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dynamics of quantum atomic geometry

_ 1 A _ _
S(0.) = 5 [ WalelaKa)elo) + 17 [dgi(gn)eeplgioV(giagin) +  ce
S (9.7) AT
Z = | DDy e'°A\¥% = A
/ oY Z sym(T) "
Feynman diagrams = stranded diagrams dual to cellular complexes De Pietri, Petronio, '00: R. Gurau, '10: ...
of arbitrary topology
Feynman amplitudes (model-dependent) = spin foam models ("covariant LQG") = lattice gravity path integrals
Reisenberger,Rovelli, ’00 (With group+Lie algebra variables) M. Finocchiaro, DO, '18

A. Baratin, DO, ‘11

extension to TGFT models including "matter" dofs - example: scalar matter

basic guideline for model-building (choosing GFT action):

GFT Feynman amplitudes = simplicial path integrals for gravity coupled to scalar fields

- domain of GFT field extended to include values of scalar fields
with consequent extension of field operators, quantum states and operators on Fock space

note: new dofs are "matter" as much as others are "geometry", i.e. only at "discrete" level

proper description in terms of scalar fields coupled to geometry should emerge in continuum approximation



Cosmology as QG hydrodynamics

spacetime physics expected to emerge after coarse graining, from collective dynamics of QG atoms
in particular, cosmology expected to correspond to "most coarse-grained” dynamics

» in other words: effective dynamics of » QG hydrodynamics
special (global) observables of full theory
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Cosmology as QG hydrodynamics

spacetime physics expected to emerge after coarse graining, from collective dynamics of QG atoms

in particular, cosmology expected to correspond to "most coarse-grained” dynamics

» in other words: effective dynamics of » QG hydrodynamics
special (global) observables of full theory
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hypothesis: relevant regime is QG hydrodynamics hypothesis: geometric phase is QG condensate phase

TGFT condensate hydrodynamics (universe as QG fluid)

Fx(J) = mZ\[J]  Tl¢| = sup; (J-¢—F(J)) (¢)=7¢

* simplest approximation: ~ S t functi
mean field hydrodynamics F[Qb] ~ SA (gb) mean field ~ condensate wavefunction
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hypothesis: relevant regime is QG hydrodynamics hypothesis: geometric phase is QG condensate phase

TGFT condensate hydrodynamics (universe as QG fluid)

* simplest approximation: 1B [¢]

mean field hydrodynamics ~ S A\ (¢) mean field ~ condensate wavefunction

Gielen, DO, Sindoni, '13; DO,
Sindoni, Wilson-Ewing, '16

- general form of resulting (Gross-Pitaevskii) equations of motion for condensate wavefunction (mean field):
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hypothesis: relevant regime is QG hydrodynamics hypothesis: geometric phase is QG condensate phase

TGFT condensate hydrodynamics (universe as QG fluid)

* simplest approximation: ~ 0 .
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- general form of resulting (Gross-Pitaevskii) equations of motion for condensate wavefunction (mean field):
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« cosmological interpretation natural due to general fact:

isomorphism between domain of TGFT condensate wavefunction and minisuperpsace
o (D) D =~ {geometries of tetrahedron} ~

S. Gielen, DO, L. Sindoni, '13

S Gielen. 14 ~ {continuum spatial geometries at a point} =~

A. Jercher, DO, A. Pithis, "21 ~ minisuperspace of homogeneous geometries + "matter" data




GFT hydrodynamics as non-linear "quantum cosmology"

hypothesis: relevant regime is QG hydrodynamics hypothesis: geometric phase is QG condensate phase

TGFT condensate hydrodynamics (universe as QG fluid)

* simplest approximation: ~ o .
mean field hydrodynamics I [¢] ~ Sy (¢) mean field ~ condensate wavefunction

Gielen, DO, Sindoni, '13; DO,
Sindoni, Wilson-Ewing, '16

- general form of resulting (Gross-Pitaevskii) equations of motion for condensate wavefunction (mean field):

)
/[dg’]dx’/C(m ;9 x)o(g', x") + A V() |p=0 =0
¥ +—— _______ polynomial functional of

condensate wavefunction

« cosmological interpretation natural due to general fact:

isomorphism between domain of TGFT condensate wavefunction and minisuperpsace
o (D) D ~ {geometries of tetrahedron} ~
) . . ) S. Gielen, DO, L. Sindoni, '13
S. Gielen. '14 ~ {continuum spatial geometries at a point} =~
A. Jercher, DO, A. Pithis, "21 a minisuperspace of homogeneous geometries | + "matter" data

cosmology as QG hydrodynamics ~ non-linear extension of (loop) quantum cosmology
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Emergent cosmological dynamics from QG hydrodynamics
general mean field egns for qguantum geometry coupled to 5 scalar fields in peaked states

general form of dynamics - work with parametrized ambiguities
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Emergent cosmological dynamics from QG hydrodynamics
general mean field egns for qguantum geometry coupled to 5 scalar fields in peaked states

general form of dynamics - work with parametrized ambiguities

Secrr =K +U+ U

k= / dgr dh; / A%y A deé d¢’ (g1, X\)K (g1, hr; (x — X)3s (0 — &) (hr, ()", &)

5
/ddxd¢/<Hdg[> 7gI)H (gb 7¢)
(=1

(x=x')% = sen(\) M%) (x—x)*(x=x")"

- restriction to "good clock+rods" simple condensate states - peakedness properties on clock/rod values
Oe,b,m0 Tzt (g[; X’u7 ¢) — UE(XO — ZEO; 7T0)775(|X — X|7 77:1:)5-(9[7 X'u, ¢) L. Marchetti, DO, '20, '21
. . _ 2
x —x|? =2 (' —2) C >0 = 0 + 10 op > 0 6,0 <1 w=erd/2 2z =0my/2
+ reduction to isotropic condensate configurations (depending on single variable j): 7 ()

« subdominant GFT interactions: U << K

resulting mean field hydrodynamics eqgn: L. Marchetti, DO, '20, '21 Fourier mode of

/ matter field variable
035(w,mp) — 17005 (x, mp) — VEF (m4)5j(z, 74) + a*V36;(2,7g) = 0

fzo N2 L 2 o 1827 Ky
E2= " —r. 1+ 3\ el (M) = A

dependence on both GFT model and states linear part of non-linear hydro egns
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Emergent cosmological dynamics from QG hydrodynamics

using: o = p; exp|id;] rewrite in standard hydrodynamic form (fluid density, phase)

homogeneous background + inhomogeneous perturbations (defined in relational terms)

pj=Pj+0opi  0;=0;+00; p=pm) 0= 0(0m)
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using: o = p; exp|id;] rewrite in standard hydrodynamic form (fluid density, phase)

homogeneous background + inhomogeneous perturbations (defined in relational terms)
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Emergent cosmological dynamics from QG hydrodynamics

using: o = p; exp|id;] rewrite in standard hydrodynamic form (fluid density, phase)

homogeneous background + inhomogeneous perturbations (defined in relational terms)

p; = pj + 0p; 0; =0+ 60, p = p(a°,my) 0 = 0(z",mp)

_ - >
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perturbations egns:

highly coupled; decouple for large condensate density (large universe volume) and | Im a2| =
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Emergent cosmological dynamics from QG hydrodynamics

using: o = p; exp|id;] rewrite in standard hydrodynamic form (fluid density, phase)

homogeneous background + inhomogeneous perturbations (defined in relational terms)

p; = pj + 0p; 0; =0+ 60, p = p(a°,my) 0 = 0(z",mp)

_ - 2 _
background eqgns: (2", 7g) — [(9 (2%, 74))" + M2 (mg) — 79}(:}:0,%)] pi(z0,7y) =0

(p]) (:1:0 7T¢) B ()\)692 —0

07 (z°,74) + (0(z°, 74) — 7/2) 2@, 5)

perturbations egns:

<1

highly coupled; decouple for large condensate density (large universe volume) and |Im a*| = 3 20
0

0~ 5P;’(CU, 7T¢) - v25:0j ($, 7T¢) — (A)n]z(ﬂqb)&p] (Q?, 7T¢)

Pl (20, my)

0 >~ 007 (x,mg) + 260 (z, my)
’ ’ pj(x 77T¢)

— V260,(z,7y)

now, need to obtain equations for physical observables




- number operator N = /an/dgl @T(glaXa)Sb(glaXa)

- universe volume V = /an/ng dgr &' (g1, XV (g1, 97 @(gr, XY
 value of clock/rods scalar fields Xb = /d”x/dgj sz??T(gI,Xa)@(gI,Xa)

A 1
- momentum of clock/rods scalar fields I, = ;/an/ng [@T(gz,xa) (3Xb¢(9hxa)>]
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« value of matter scalar field b =

- momentum of matter scalar field ﬁ¢ — /dg]/d4X/d7T¢ W¢¢T(gl,X“,w¢)cﬁ(gf,x“,w¢)




+ number operator N = /an/d (91, x")@(g1, X")

" universe volume V= / d"x / dgr dgy &' (91, x")V (91, 97) @97 X“)
- value of clock/rods scalar fields b= /d”X/ngX o' (g1, x*)o(91, X%)

- momentum of clock/rods scalar fields %/an/ [ (91, x“ (g gr, X" )]

- value of matter scalar field /ng/d4 / Mg, x o) Ony P91, XM o)
- momentum of matter scalar field ﬁ¢ = /dgf/d4)</d7r¢ W¢¢T(gl,X“,W¢)cﬁ(gj,x“,w¢)

used to define collective relational observables for effective continuum dynamics
as expectation values in "good clock+rods" condensate states




- number operator N /an/dgl @T(glaXa)Sb(glaXa)

A

+ universe volume V= /d”x/dgf dg7 @' (g1, x)V (91, 97)¢(97, X*)

« value of clock/rods scalar fields Xb

/ d"x / dgr x*@" (91, x*) (g1, X*)

| . 1 - 0
« momentum of clock/rods scalar fields I, = = d"x [ dg; g[ x“) 8— o917, xX%)
. -1 4
- value of matter scalar field o = - dgr | d*x d7r¢cp (91, X", 7)) O, (91, X", )
- momentum of matter scalar field H¢ = /dgf/d X/d7r¢ TP gl,x“,w¢)g@(gj,x“,w¢)

used to define collective relational observables for effective continuum dynamics
as expectation values in "good clock+rods" condensate states

N(CBO,ZEi) = <O-€,5,7T0,7Ta:,$'u"N’O-€7577T077T507x“> V(:EOVCCZ) = <O-€,577T077Ta;737“|‘7|O-€75777077T:1:737M>

X,u(x07$i) — <0'e,5,7r0,7rw,xﬂ‘V‘Ue,5,7ro,7rw,a:“> ~ g H(x07$i) = <O-€,5,7T0,7T93,$“’HI/|O-€,5,7T0,7T33,33“>

¢($Oaxi) = <O-€,5,7T0,7Tx,33“‘(I)|O-€,577T0,7Tx,$“> H¢(xoaxi) = <0-e,5,7r0,7rx,:c“’ﬁqﬁ|0-e,5,7ro,7rx,:c“>




Emergent cosmological dynamics from QG hydrodynamics

hydrodynamics egns for cosmological observables



Emergent cosmological dynamics from QG hydrodynamics

hydrodynamics egns for cosmological observables

background volume dynamics: L. Marchetti, DO, '21  A. Jercher, DO, A. Pithis, 21
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Emergent cosmological dynamics from QG hydrodynamics

hydrodynamics egns for cosmological observables

background volume dynamics: L. Marchetti, DO, '21  A. Jercher, DO, A. Pithis, 21

2

2
J

p;]

3V
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effective dynamics for scalar cosmological perturbations

~

average perturbed volume: 6V (z,7p) =~ 2VUO,5UO(330, Tg)0pv, (T, Ty)

egn for volume perturbations: 6V — 2pu,, 6V’ — V26V = §V" — 3HSV' — V26V =0

7.‘.2

where correct Lorentzian signature is obtained if: Re a* = 6 = (53 — (522) <0
€2}

n.b. localization is relational - non-trivial spatial dependence comes from
non-trivial dependence of mean field perturbations on the relational rods
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Emergent cosmological dynamics from QG hydrodynamics

» can analyse dynamics of universe volume in different cosmological epochs

« very early times: very small volume - QG interactions subdominant

for large class of states:

5/ pj(X) # 0 X i

4 .
_ -2
Vi=> j V;Pj
remains positive at all times
k(with single turning point)

J

* intermediate times: large volume - QG interactions still subdominant

under sufficient condition:

i = 3rG

at least for some dominant |

(

V/
V

;

V//
:7:

~

127G

DO, L. Sindoni, E. Wilson-Ewing, '16;
L. Marchetti, DO, '20

quantum bounce
(no big bang singularity)!

classical Friedmann dynamics
(wrt relational clock, with
effective Newton constant)
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Emergent cosmological dynamics from QG hydrodynamics

) : . . . DO, L. Sindoni, E. Wilson-Ewing, '16;
» can analyse dynamics of universe volume in different cosmological epochs L. Marchetti, DO, '20

« very early times: very small volume - QG interactions subdominant quantum bounce
(no big bang singularity)!

r N
| lass of states: — 2
for large class of states V = Zj ‘/;pj

35/ pi(X) # 0 X remains positive at all times
k(with single turning point) )

* intermediate times: large volume - QG interactions still subdominant

. e I\ 2 "
under suﬁ|0|ent~cond|t|on. _ _ K — V_ — 127G classical Friedmann dynamics
i = 3wG atleast for some dominant j V V (wrt relational clock, with
effective Newton constant)
* late times: larger volume - QG interactions become dominant accelerated cosmological expansion

» effective phantom-like dark energy (of pure QG origin) + asymptotic De Sitter universe

2

M. De Cesare, A. Pithis, M. Sakellariadou, ‘16 X. Pang, DO, 21
1.5+

in terms of equation of state for "effective matter component”

1H,
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» can analyse dynamics of universe volume in different cosmological epochs L. Marchetti, DO, '20

« very early times: very small volume - QG interactions subdominant quantum bounce
(no big bang singularity)!

r N
| lass of states: — 2
for large class of states V = Zj ‘/;pj

j / pi(X) # O VX el | i positive at all times
&(with single turning point) )

* intermediate times: large volume - QG interactions still subdominant

. e I\ 2 "
under suff|C|ent~cond|t|on. _ _ K — V_ — 127G classical Friedmann dynamics
i = 3wG atleast for some dominant j V V (wrt relational clock, with
effective Newton constant)
* late times: larger volume - QG interactions become dominant accelerated cosmological expansion

» effective phantom-like dark energy (of pure QG origin) + asymptotic De Sitter universe

2

M. De Cesare, A. Pithis, M. Sakellariadou, ‘16 X. Pang, DO, 21
1.5+

in terms of equation of state for "effective matter component”

1+
05 r

- dynamics of cosmological perturbations matches GR for large wavelengths, ol
differs otherwise - to be further explored

L. Marchetti, DO, '21 b
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many more results

- cosmological perturbations S. Gielen, DO, ‘17 S. Gielen, '18 F. Gerhardt, DO, E. Wilson-Ewing, ‘18

A. Pithis, M. Sakellariadou, 16

* ani '
anisotropies M. De Cesare, DO, A. Pithis, M. Sakellariadou, ‘17

» "deparametrized" formulation E. Wilson-Ewing, '18, S. Gielen, A. Polaczek, '19
* reduction to LQC dynamics G. Calcagni, '14; DO, L. Sindoni, E. Wilson-Ewing, '16
- cosmological evolution from more general quantum states S. Gielen, A. Polaczek, '19

effects of TGFT interactions M. De Cesare, A. Pithis, M. Sakellariadou, ‘16
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* universe as quantum fluid; gravitational dynamics from QG hydrodynamics ("non-linear QC")

* in hydrodynamic approx., quantum bounce quite generic
* non-linear corrections are physically important (produce cosmic acceleration)
- gravitational couplings are (effective, dressed, running) functions of fundamental QG ones

- large-scale properties of universe could be of direct QG origin
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cosmological perturbations (also beyond mean field approx)
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beyond mean field dynamics: quantum effective action, connectivity (spatial curvature?)
matching emergent cosmological dynamics (different QG models) with modified gravity

phase transitions, limits of hydrodynamic approximation, cosmological significance
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* lessons
* universe as quantum fluid; gravitational dynamics from QG hydrodynamics ("non-linear QC")

* in hydrodynamic approx., quantum bounce quite generic
* non-linear corrections are physically important (produce cosmic acceleration)
- gravitational couplings are (effective, dressed, running) functions of fundamental QG ones
- large-scale properties of universe could be of direct QG origin
- to be explored further
- cosmological perturbations (also beyond mean field approx)
* anisotropies
- beyond mean field dynamics: quantum effective action, connectivity (spatial curvature?)
- matching emergent cosmological dynamics (different QG models) with modified gravity

+ phase transitions, limits of hydrodynamic approximation, cosmological significance

Thank you for your attention




