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Cosmological models with scalar fields

Definition

An n-dimensional scalar triple is an ordered system (M, G, V), where:
@ (M,QG) is a connected Riemannian n-manifold (called scalar manifold)
e V € C>(M,R) is a smooth function (called scalar potential).

Assumptions

(M, G) is oriented and complete.

Each n-dimensional scalar triple (M, G, V) defines a cosmological model on
R*, with Lagrange density:

R 1 .
Loy = | B8 T (0) - vig)| voly 1)

where the space-time metric g has ‘mostly plus’ signature. Take g to describe
a simply-connected and spatially flat FLRW universe:

ds; = —dt® +a°(1)d®® (X°=1t , X=(x',x*,x*) , a(t)>0Vvt) (2
and ¢ to depends only on the cosmological time t:
@ =o(t) . (3)
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The minisuperspace Lagrangian

Substituting (2) and (3) in (1) and ignoring the integration over X gives the
minisuperspace action:

Snivla el = / Tt Lo (a(t), o(1). (1))

— 00

where the minisuperspace Lagrangian is:

.\ def. . 1. 1.
Lang.vlag ) " —3atat | 115 - Vo) | = o [ =3 + I - Vi)

Here " <" 4 and H “€" 2 is the Hubble parameter. This Lagrangian describes
a classical system with n+ 1 degrees of freedom and configuration space

N Rso X M. The Euler-Lagrange equations are equivalent with:

P
3K+ 2H + 314115 — V() =0
(Vi +3H)¢ + (gradg V)(¢) =0 .
We must also impose the (non-holonomic) Friedmann constraint:
1.
SlelP + Voo =31,

which amounts to the zero energy condition.
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The cosmological equations and geometric dynamical system

Proposition

When supplemented with the Friedmann constraint, the Euler-Lagrange
equations of Laq,g,v are equivalent with the cosmological equations:

Vip+3Ho + (gradgV)op =
H4+3H> - Voyp =
A+ 3llelle = o .

Remark
One can eliminate H algebraically from the cosmological equations as:
1

NG

thereby obtaining the reduced cosmological equation:

def.

, where ¢(t) = signH(t) ,

H(t) ]1/ ’

(8) [ll(0)113 +2V(e(t)

Vep(0)+ [ 2et0) 10015 + 2vo(e)]  00) + (eradg V() =0

which defines a (dissipative) geometric dynamical system on T M.
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The characteristic system for strong variational symmetries

We have a natural decomposition TN = ToN & ToN, where:

TN E pi(TRs0) , ToN L ps(TM) (pr: TN = Rug, po: TN = M) .

Theorem
A vector field X € X(N) is a time-independent Noether symmetry iff:
A(p 4
X(a9) = Xov(a. ) = 20+ ¥(e)— Zaleradsh(e) .
where \ € C*° (M, R) satisfies the A-system:

Hessg(A) = gg/\ . (dV,dA)g = %w\

and Y € X(M) satisfies the Y -system:
Kg(Y)=0, Y(V)=0 .
The two systems can also be written as follows:

(00 = 5O ) A= SGh . Vi¥; + VY5 =0

GIo: VoA = %VA , Yov=o0
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Visible and Hessian symmetries

Definition

A time-independent Noether symmetry X = X v is called:
@ visible if A = 0.
@ Hessian if Y = 0.

The scalar triple (M, G, V) and cosmological model are called visibly-symmetric
or Hessian if they admit visible or Hessian symmetries, respectively.

Let Ny(M, G, V), Ny(M,G, V) and N(M, G, V) denote the linear spaces of
Hessian, visible and time-independent Noether symmetries.

Proposition

There exists a linear isomorphism

N(M7g7 V) ~R NH(M>g7 V) & N\/(M7g7 V)

Remark

Existence of a Hessian symmetry simplifies various cosmological problems. For
example, it gives the following formula for the number of efolds:

[ a(t)

a(to)

3/2
] A(p(t)) — Mo = (%Ho/\o + (d%/\)(c,bo)) (t—to) .
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Rescaling the metric. The Hesse and A-V-equations

Let 3= /3/8 and G = 3°G.
Definition

The rescaled scalar manifold is the Riemannian manifold (M, G).

The A-system of (M, G, V) is equivalent with:
@ Hessg(A) = AG (the Hesse equation of the rescaled scalar manifold)
e (dV,dA)¢ = 2VA (the A-V equation of the rescaled scalar manifold)

Definition

Let (M, G) be a complete Riemannian manifold. A Hesse function of (M, G)
is a smooth solution of the Hesse equation of (M, G):

Hessg(A) = AG .

Let S(M, G) be the linear space of Hesse functions of (M, G). The Hesse
index of (M, G) is defined through:

def.

HM, G) L dim S(M, G) .

The complete Riemannian manifold (M, G) is called globally of Hesse type if it
admits non-trivial Hesse functions, i.e. if h(M, G) > 0.
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The Hesse pairing

Proposition

We have h(M, G) < n+ 1. We say that (M, G) is globally maximally Hesse if
equality is attained.

V.

Definition

The Hesse pairing of (M, G) is the symmetric R-bilinear map
(,)c:C®(M) xC>®(M)— C>®(M) defined through:

(fi,h)c L fifi—(df,dR)c = Aifi— (grad fi, gradch)e , VA, f € CZ(M) .

v

Proposition

Let A1, \; € S(M, G) be two Hesse functions on (M, G). Then the Hesse
pairing (A1,\2)¢ is constant on M.

Hence the Hesse pairing restricts to a symmetric R-bilinear map:
(,)e:S(M,G)x SIM,G) =R , (A, A)e "L (A1, Ao)e

on the vector space S(M, G).
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General solution of the A-V equation

Theorem

For any non-trivial Hesse function A € S(M, G), any smooth solution of the
N-V-equation of (M, G) takes the following form:

V=QlldNt =2 [ = (A A)e] (4)
where Q € C*°(M \ Crit(A)) is constant along the gradient flow of A:

(dQ,dA)g =0 . (5)

Definition

The cosmological model defined by the scalar triple (M, G, V) is called weakly
Hessian if the rescaled scalar manifold (M, G) is globally of Hesse type. It is
called Hessian if it admits non-trivial Hessian symmetries.

Proposition

The cosmological model defined by the scalar triple (M, G, V) is Hessian iff it
is weakly Hessian and the scalar potential V/ has the form (4), with Q a
solution of (5).
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The minisuperspace Lagrangian in natural coordinates

Theorem

Let A € S(M, G) be a Hesse function of (M, G) and suppose that V satisfies
the N-V equation with respect to A. Then the minisuperspace Lagrangian
takes the following form in natural local coordinates (ag, y,v) on the
configuration space N :

L(y,¥,v,0) = =3(A, A)60® —3a035 + agLa(y,¥) (6)
where the reduced Lagrangian L is given by:

La(y, ) % %ﬁguynz— Vily) - (7)

with Vy < V| aa(n) the restriction of V to the level set Ma(\) and g the
metric induced by G on this level set. We have:

Valy) = [¥ = (A M| Q) (8)

with Q a smooth arbitrary function defined on Ma(\).
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Hesse functions

Definition
The Hesse norm of a Hesse function A € S(M, G) is the non-negative number
ra L [(A, N)c|, while its type indicator is the sign factor ex def- sign(A,A\)c.

A non-trivial Hesse function A is called timelike, spacelike or lightlike when ep
equals +1, —1 or 0.

Proposition

Let A € S(M, G) be a non-trivial Hesse function. Then:

@ I\ is timelike, then its vanishing locus Z(N\) is empty and A\ has constant
sign (denoted nr) on M. Moreover, N\ has exactly one critical point, with
critical value naka, which is a global minimum or maximum according to
whether nn = +1 or —1.

@ I A is spacelike, then Crit(A) = 0. Moreover, the vanishing locus of A is
the following non-singular hypersurface in M:

Z(A) = {m e M||[dmAl[¢ = rn}

@ If A\ is lightlike, then Z(A) = Crit(A) = ) and A\ has constant sign on M,
which we denote by na.
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Hesse functions

Definition
A timelike or lightlike non-trivial Hesse function A € S(M, G) is called future
(resp. past) pointing when np = +1 (resp. —1).

Let Ma(X) C M denote the A-level set of A.

Definition

Let A € S(M, G) be a non-trivial Hesse function of M. The characteristic set
of A is the following closed subset of M:

Crit(A) , if A is timelike
Q=L zZ(n), if A is spacelike
M (1), if A is lightlike

The characteristic constant of A is defined through:

RA ife=+1
Gl o, ife=-1
1, ife=0

Setting Up <" M \ Crit(A), we have:
Qn={meUn [N(m)] = Ca} .
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Hesse functions

Definition
The characteristic sign function ©5 : M — R of a non-trivial Hesse function
A € §(M, G) is defined through:

1, if en=+1
On(m) o<t signA(m) , if en=—1
sign(|A(m)| —1), ifea=0
The A-distance function dp : M — R is defined through:

da(m) L Ox(m)diste(m, Qu) -

Theorem

Let A € S(M, G) be a non-trivial Hesse function. Then the following relation
holds for all m € M:

sign(A)sa cosh da(m) ifen = +1
AN(m) = K sinh da(m) | ifen = —1
sign(A) e (™ , ifea=0

The proof uses properties of solutions to the eykonal equation of (M, G).
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The Hesse representation

The isometry group Iso(M, G) acts on C*°(M) through:

W (F) L Foyt | Wi €so(M, G), VFeECOM) .

This action preserves the subspace of Hesse functions and hence it corestricts
to the Hesse representation:

def.

He(¥)(F) = 9" (\) =Noy™" | VA€ S(M,G) .

Proposition

The Hesse representation is ( , )g-orthogonal, i.e. any representation operator
He () preserves the Hesse pairing:

(He(¥)A1, He(¥)A2)e = (M, A2)6 , YA, A2 € S(M, G) .
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Locally maximally Hesse manifolds

The Hesse equation of (M, G) is overdetermined ellyptic, being equivalent with
a system of Hessian equations which containing the Poisson and
Monge-Ampere equations. Local solutions are called local Hesse functions;
their germs form the Hesse sheaf H¢, which has rank < n+ 1. We say that
(M, G) is locally of Hesse type if rkH{¢ > 0 and locally maximally Hesse if
rkHe = n+ 1. Notice that (M, G) is globally of Hesse type iff H°(H¢g) # 0.

Theorem

A Riemannian manifold is locally maximally Hesse iff it is hyperbolic.

Theorem
Let (M, G) be a complete Riemannian manifold. The following are equivalent:

e (M, G) is locally maximally Hesse and globally of Hesse type.
e (M, G) is isometric with the Poincaré n-ball or with an elementary
hyperbolic space form.

Moreover, (M, G) is globally maximally Hesse iff it is isometric with the
Poincaré n-ball.

Calin Lazaroiu Hessian symmeries of multifield logical models 16/23




Elementary hyperbolic space forms

Definition

An n-dimensional elementary hyperbolic space form is a complete hyperbolic
n-manifold uniformized by a non-trivial torsion-free elementary discrete
subgroup I' C SO.(1, n).

Any torsion-free elementary discrete subgroups of SO,(1, n) is:
@ hyperbolic, if it conjugates to a subgroup of the canonical squeeze group
7o < Stabso,(1,n (En) = SO(1,n — 1). In this case, T is a hyperbolic

cyclic group.
@ parabolic if it conjugates to a subgroup of the canonical shear group

P, L Stabgo,(1,m(Eo + En) ~ ISO(n). In this case, I" is a free Abelian
group of rank at most n — 1.

Definition
An elementary hyperbolic space form is said to be of hyperbolic or parabolic
type according to the type of its uniformizing group.

Example. The two-dimensional elementary hyperbolic space forms are:

@ The hyperbolic annuli A(R) (hyperbolic type, ' ~ Z, H(A(R) = 1)
@ The hyperbolic punctured disk D* (parabolic type, ' ~ Z, h(D*) =1.)
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Hesse surfaces and Hessian 2-field models

Theorem

Any Hesse surface (¥, G) is locally maximally Hesse and hence isometric with
one of the following:

o The hyperbolic disk D) := D? (Hesse index 3)
@ The hyperbolic punctured disk D* (Hesse index 1)
@ A hyperbolic annulus A(R) (Hesse index 1)

Theorem

The two-field cosmological model defined by the two-dimensional scalar triple
(X, G, V) is weakly-Hessian iff its rescaled scalar manifold (M, G) is isometric
with the hyperbolic disk, the hyperbolic punctured disk or a hyperbolic annulus
A(R) of arbitrary modulus n = 2log R > 0. In this case, the model is Hessian
iff the scalar potential V' has the form V = Q[A?> — (A, N)¢], where

A € S(X, G) is a non-trivial Hesse function and Q is a smooth function which
is constant along the gradient flow of A.

The space S(X, G) can be determined in each of the three cases. This leads to
an explicit classification of all Hessian two-field cosmological models.
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Hessian two-field models with hyperbolic disk target

Theorem

The space of Hesse functions of the hyperbolic disk is 3-dimensional. A basis of

this space is given by the classical Weierstrass coordinates =°, =1, =2, where
==(=2%=4=% D — R® is the Weierstrass map:

—, vdet. (14 |u* 2Reu  2Imu
= = 9
@ (T T o &
Hence the general Hesse function on D? has the form:
Ag(u) = (B,=(v)) YueD (10)

where, B = (B°, B, B?) € R® is any non-vanishing 3-vector and ( , ) is the
Minkowski pairing of signature (1,2) on R>.
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Theorem

The following statements hold for the weakly-Hessian two-field cosmological model Wlth scalar manifold
lDJB = (D, G), where G is the complete metric of constant negative curvature K = — §-

Q When B is timelike, the model admits the Hessian symmetry generated by (10) iff:

2
Ag(u) 71] ’ (11)

Vg(u) = w(ng(u
5(1) = w(ng(u)) [(B,B)
(B,B)=(u)HB,=(u))B _ _(B,B)=(u)—BAg(y)
V(B.B)(B,Z)P~B.B)2  \/(B.B)Ag(u)2~(8B.B)?
admits visible symmetries iff w is constant, in WhICI'I case visible symmetries form an elliptic subgroup of
PSU(1, 1) conjugate to the canonical rotation subgroup R ~ U(1).

e When B is spacelike, the model admits the Hessian symmetry generated by (10) iff its scalar potential V
has the form:

. The model also

where w € C™°(S') and ng(u)=

Vel = ) [ As(of 1} (12)
u) = w(ng(u —_— 5

g S A

where w € C°°(R) and ng(u)= I(B,B)| =) +(B,Zw)B _ I(B,B)| S tApWE e 164ef also

\/(B,B)ZH(B,B)KB,E(u))? \/(B,B)ZH(B,B)V\B(u)?
admits visible symmetries iff w is constant, in which case visible symmetries form a hyperbolic subgroup of
PSU(1, 1) conjugate to the canonical squeeze subgroup T ~ (R, +).
e When B is lightlike, the model admits the Hessian symmetry generated by (10) iff:

Ag(u)?
2
BO

Vig(u) = w(Bong(v)) ; (13)

) 2(B,=(u))= (U) B _ 2Ag(u)=(v)—B P
where w € C°°(R) and ng(u) = 2(B.2()2 = ()2 . The model also admits visible
symmetries iff w is constant, in which case visible symmetries form a parabolic subgroup of PSU(1, 1)

conjugate to the canonical shear subgroup P ~ (R, +).
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Corollary
The explicit forms of the scalar potential are:

@ ror timelike B (ie. (B, B) et B2 — B2 — B2 > 0)

- P
Vg(x, ) =w(b(x,y) ———— 1
Bl =Bl ) s (4)
where:
P=(B? + B3)(1+p*)+2(B2 — B2)(x® —y?)+4B3 p2 +4By(1+ p2)(By x+Bay) +8B1Boxy (15)
and:
ign (B B — iB; X+ i By| — B, B
Bcs ) = ag sign(Bp) (By 2) (x + y)+(\ ol ( )) )

(180l — VBV B)) (x +iv) + sign(Bo) (By + iB2)
e For spacelike B (i.e. Bg - B% - 822 < 0):

P
Ve(x, y)=w(F(x,y) —— | 17
Bl N =wlF ) an
where P is given by (15) and:
7(x, y) = arcsinh —2 (5, ) (Bry — 52%) 5 (18)
(B + B3)P

@ ror lightlike B (ie. B3 — B2 — B2 = 0):

2
(Bo(1 + ) + 2B1x + 2B,y)

Vg(x,y) = w(#(x, s 19
B(x,¥) = w(F(x, ) o (19)
where: AE B
F(x,y) = % . (20)
By (1 + p2) + 2By x + 2Byy
4
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Further results

@ One can describe explicitly the space of Hesse functions on the Poincaré
D" of any dimension n and all scalar potentials on D" which solve the A-V
equation for any non-trivial Hesse function A. This leads to an explicit
classification of Hessian n-field models on the Poincaré ball.

@ Deeper analysis allow one to characterize all Hessian n-field models.
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Elementary discrete subgroups of SO,(1, n)

The stabilizer of a nontrivial (n + 1)-vector X € R™\ {0} in the fundamental
representation of SO, (1, n) conjugates to one of the canonical subgroups:

o X timelike: Stabsoo(l,n)(X) ~ Rn déf' Stabsoc(l’n)(Eo) ~ SO(I‘I) (elliptic,
rotation).

e X spacelike: Stabgo,(1,n)(X) ~ Ta ot Stabso,(1,m(En) ~ SO(1,n — 1)
(hyperbolic, squeeze)

o X lightlike: Stabso,(1.m(X) ~ Pn 2" Stabso, (1.n(Eo + En) ~ ISO(n)
(parabolic, shear).

Definition
A discrete subgroup T' of SOg(1, n) is called elementary if its action on the
closure of the Poincaré ball fixes at least one point in D".

An elementary discrete subgroup ' C SO,(1, n) is:

o elliptic if it conjugates to a subgroup of R,. In this case, I is finite.

o hyperbolic if it conjugates to a subgroup of 7,. In this case, I" contains a
hyperbolic cyclic group of finite index, to which it reduces iff I is
torsion-free.

@ parabolic if it conjugates to a subgroup of P,. In this case, I is a finite
extension of a free Abelian group of rank at most n — 1.
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