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Including matter’s microstructure in isotropic Cosmology
A simple model with Spin and Shear charges

Conclusions/Further Prospects



The talk is mostly based on the papers

@ "Cosmological Hyperfluids, Torsion and Non-metricity”
Published in: Eur.Phys.J.C 80 (2020) 11, 1042 e e-Print:
2003.07384 [gr-qc] (DI)

@ "The Perfect Hyperfluid of Metric-Affine Gravity:
The Foundation” Published in: JCAP 04 (2021) 072
e e-Print: 2101.07289 [gr-qc] (DI)

@ Friedmann cosmology with hyperfluids Published in:
Phys.Rev.D 111 (2025) 6, 064063 e e-Print: 2411.19127
[gr-ac] (llaria Andrei,DI, Laur Jarv, Margus Saal)
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Metric-Affine Gravity

e S= SGravii.‘y + SMatter = f an\/ —8 [EG(g,uu) + ['/\/l(g,ulla (D)]

Teleparallel/Symmetric Teleparallel Gravity

° Ro‘ﬁw =0, Vogu =0but S, = I’O‘[W] #0
° Rafo’uv =0, SW,“ — (O 100 (O — Vs = (0

.

Metric-Affine Gravity (MAG)

o S=[d"x\/—g [Lc(gu M) + L (guvs T, ®)] = No a
priori constraints on the geometry.

Damianos losifidis 4/31 i



Non-Riemannian Geometry
0®000

Geometrical Objects

Two distinctively different notions on a manifold

@ Metric Tensor g,,,,: Defines distances,lengths and dot products

HO(HZ = aﬂaygpw ) (a : B) = auﬁyguy
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Non-Riemannian Geometry
0®000

Geometrical Objects

Two distinctively different notions on a manifold

@ Metric Tensor g,,,,: Defines distances,lengths and dot products
HO(HZ = aﬂaygpw ) (a : B) = auﬁyguy

@ Affine-Connection F)‘W: Defines parallel transport of tensor
fields on the manifold

Vut = ohut + F“w\u”

The two need not be related a priori! Their relation may be found
after solving the field equations!

v
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Non-Riemannian Geometry
[e]e] Yolo)

Geometrical Objects

o V,V,j6 =S, Vag, Torsion Tensor | 5,  := "

(] [VQ, V/B]U“ = R‘uyaﬁu” + 25&6 Vvyulu‘
| pr o © m
Curvature Tensor: | R af = 2a[ar 18] +2r )

14

o
M e

v

° ’ Qa,uz/ = *vaguy ‘ = *aag;u/ + r po8Av + r va8ip

[
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Non-Riemannian Geometry

[e]e]e] o}

Contractions

Contractions of Curvature

H H . [ e
e Ricci Tensor: Ry, := R,

: P L pH
@ Homothetic Curvature: R,5:= R pof

o Co-Ricci Tensor: R, := Ruap,8%°

@ Ricci Scalar: R:= R, g"" = — Vuugw

Torsion/Non-metricity related vectors

Ly = S;M)\ , St =S, . (only for n = 4)

Qu = gaB Q,uoz,@ ) qn = gpa onzu

\
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Non-Riemannian Geometry
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Affine Connection

Affine connection decomposition

o~ 1
r)\ pv = rA MV"‘Ega/\(Q,uua‘i'Qua,u_Qa,uy)_gak(sap,y‘ksay,u_s,uya)

where [ o = 18°%(0u8va + OvBay — Oaguy) is the Levi-Civita

part of the connection. Distortion: N*,, =T —T7*
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Non-Riemannian Geometry
0000e

Affine Connection

Affine connection decomposition

o~ 1
r/\ pv = rA MV"‘Ega/\(Q,uua‘i'Qua,u_Qa,uzx)_ga)\(sayy‘i'saz/,u_suya)

where T o = %g‘m(aﬂgya + 0,80y — Oaguv) is the Levi-Civita

part of the connection. Distortion: N*,, =T —T7*

Post-Riemannian expansions

Each quantity = decomposed into Riemannian and
non-Riemannian counterparts. Example:

R = R+ SuaS"® —25,,,S%" — 4S,SH — 4V, S*
_1_%0&“1/004;111 — %Qa;u/ Qul/oc - %QMQM + %Q,u,qu
+2Quuw S +25,(q* — Q*) + V,u(g" — QH — 4SH) )
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Hypermomentum, Canonical and Metrical Energy

Momentum Tensors

Metrical and Canonical Energy Momentum Tensor

Metrical: Ta,ﬁ = _\/L_ig(g;% Canonical: t” = —];g geSMc
vV m
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Hypermomentum, Canonical and Metrical Energy

Momentum Tensors

Metrical and Canonical Energy Momentum Tensor

Metrical: Ta,@ = _\/L_ig(g;% Canonical: t” = —];g gesl\/é
vV m

Hypermomentum Tensor

2 Sy

: pwo._
Hypermomentum: A, ™ := N IEW
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Conservation Laws
€00

Hypermomentum, Canonical and Metrical Energy

Momentum Tensors

Metrical and Canonical Energy Momentum Tensor

Metrical: Top = —\/%—gfgsa%- Canonical: tV'. = ﬁg;"ﬁ
Hypermomentum: A, " := —V%fgéﬁfﬂzy |
=T~ 2\/1—7g©”(‘/ng>\W)

where @V =25,—- V..

V
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Conservation Laws
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Physical Role of Hypermomentum

Hypermomentum Split

The Hypermomentum tensor is a generalization of the spin tensor
(including also a symm-etric part) that fully describes the
micro-properties of matter. It splits into its 3 physical parts of
spin, dilation and shear according to:
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Conservation Laws
oeo

Physical Role of Hypermomentum

Hypermomentum Split

The Hypermomentum tensor is a generalization of the spin tensor
(including also a symm-etric part) that fully describes the
micro-properties of matter. It splits into its 3 physical parts of
spin, dilation and shear according to:

Tpva = A[,ul/]oz (1)

Ay = Dpagh” (2)
A,

Z,uua = A,uzza - Tgpw (3)

Dilation and Shear are manifestations of the hadronic properties OfJ
matter.
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Conservation Laws

Working in exterior calculus from the GL and diff invariance we get
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Conservation Laws
ocoe

Conservation Laws

Working in exterior calculus from the GL and diff invariance we get

From Diff using coordinates

V=8V TH = AM Ryua) + ViV (vV=8AM)
+25,., Vo (V—g0, ") =0 (4)
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@®00000000
Homogeneous Cosmology with Torsion and non-metricity

@ Applying Cosmological Principle to Torsion [Tsamparlis,1979]:
Sijk o< €jix # 0 (only for n = 4)
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The Perfect Cosmological Hyperfluid
©00000000

Homogeneous Cosmology with Torsion and non-metricity

@ Applying Cosmological Principle to Torsion [Tsamparlis,1979]:
Soit = S0 = Spd = . = Spm # 0 (no sum)
Sijk o< €jix # 0 (only for n = 4)
e Applying it to Non-Metricity[Minkevich,1998]:
Qo11 = ... = Qomm # 0, Q10 = ... = Qmmo # 0,
Qooo #0 Here m = n — 1=spatial space dim
= The rest vanish!
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Homogeneous Cosmology with Torsion and non-metricity

@ Applying Cosmological Principle to Torsion [Tsamparlis,1979]:
Soit = S0 = Spd = . = Spm # 0 (no sum)
Sijk o< €jix # 0 (only for n = 4)

e Applying it to Non-Metricity[Minkevich,1998]:
Qo11 = ... = Qomm # 0, Q10 = ... = Qmmo # 0,

Qooo #0 Here m = n — 1=spatial space dim
= The rest vanish!

Covariant Forms

The covariant forms of the above read [D.l,2020]

o SUh = 201,10 ®(t) + Euvapt? P(£)0n 4

® Quuv = A(t)uahy + B(t)ha(uul,) + C(t)uquyu,, Von
NG, = X(8)tahy + Y (£)uhay + Z(£)tyhay + V(£) tauyu, +
eaWAuA W (t)dn4 for the distortion.
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The Perfect Cosmological Hyperfluid
0®0000000

A note on the distortion variables

Quite generally, it is a simple matter to show that given a
distortion tensor, torsion and non-metricity are computed through

S;woz = Na[;w] ) Qa;w = 2N(;w)a (5)
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0®0000000

A note on the distortion variables

Quite generally, it is a simple matter to show that given a
distortion tensor, torsion and non-metricity are computed through

Suuoz = Na[;w] ) Qa;w = 2N(;w)a (5)

For the previous cosmological expressions, these imply the
identifications:

Relations between Cosmological variables

AX+Y)=B, 2Z=A, 2V=C, 26=Y—-Z, P=W (6)

Whichever set one uses is then totally irrelevant to the actual
physics. The set A, B, ... has more transparent geometric meaning
whereas the set X, Y, ... is more convenient for calculations.
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The Perfect Cosmological Hyperfluid
00@000000

Isotropic Hypermomentum [D.1,2020, EPJC]

Imposing Cosm. Principle to Hypermomentum(L¢i Ay = 0)
Ajoo = Dojo = Dooi =0,
Aq10 = ... = BDmmo Do11 = ... = Domm(no sum)
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Isotropic Hypermomentum [D.1,2020, EPJC]

Imposing Cosm. Principle to Hypermomentum(L¢i Ay = 0)
Ajoo = Dojo = Dooi =0,
Aq10 = ... = BDmmo Do11 = ... = Domm(no sum)

Covariant Form of Hypermomentum

Using an 1 + (n — 1) split we get the covariant form:

° A&'BV = Qhuaty +Xhvaty +Yughyy +wua U, Uy 4 0p a€aps i

Most General form of Hypermomentum respecting isotropy!
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Isotropic Hypermomentum [D.1,2020, EPJC]

Imposing Cosm. Principle to Hypermomentum(L¢i Ay = 0)
Ajoo = Dojo = Dooi =0,
Aq10 = ... = BDmmo Do11 = ... = Domm(no sum)

Covariant Form of Hypermomentum

Using an 1 + (n — 1) split we get the covariant form:

° A&IQV = th,u,auz/ +Xhuau,u+wuah,ul/ +wuauuuu+5n,4€auunun<..

Most General form of Hypermomentum respecting isotropy!

©Q In an FLRW ¢, x, ... depend only on time t. If homogeneity is
relaxed ¢ = ¢(t, x") etc. (more about it later)

@ Hypermomentum generally contributes 5 dof in a
Cosmological setting(n = 4). (and 4 dof for n # 4).
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The Perfect Cosmological Hyperfluid
000800000

Hypermomentum Decomposition (Matter with Microstructure)

o Spin Part: Ay = (¥ — X)Ujahupy + Ona€apnt”C
e Dilation Part: A, = Ayg™ = [(n —1)¢—wl|u,
@ Shear Part: Aam, — /Ny %ga“A,, =

4D [y + (7= 1)ttt 1+ (8 + X) U by
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The Perfect Cosmological Hyperfluid
000800000

Hypermomentum Decomposition (Matter with Microstructure)

o Spin Part: Ay = (¥ — X)Ujahupy + Ona€apnt”C
e Dilation Part: A, := Ay g™ = [(n —1)¢— w} u,
@ Shear Part: Aaw — /Ny %gaMAV =

(¢t+w) [hau +(n— 1)uau“] uy + (¥ + x)uuhay

n

Sourcing Torsion and Non-Metricity (5 = 2 + 3)

By means of the connection field egs, the above parts act as
sources producing spacetime torsion and non-metricity (see
example later).
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The Perfect Cosmological Hyperfluid
0000@0000

Physical variables

The variables ¢, x, ... themselves don't have a physical meaning
but rather the combinations

o= Wz_") ¢=¢ (spin) (7)
A=3¢p—w, (dilation) (8)
Y= (7/12‘1‘X)’ Y, = (qb—;w) (shear) 9)

describe properly the cosmological parts of spin, dilation and shear.
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0000@0000

Physical variables

The variables ¢, x, ... themselves don't have a physical meaning
but rather the combinations

o= Wz_") ¢=¢ (spin) (7)
A=3¢p—w, (dilation) (8)
Y= (7/12‘1‘X)’ Y, = (qb—;w) (shear) 9)

describe properly the cosmological parts of spin, dilation and shear.

@ Therefore in a cosmological setting the spin part of
hypermomentum contributes 2 dof, the dilation 1 and the
shear 2 (2+1+4-2=5 dof of hypermomentum).
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The Perfect Cosmological Hyperfluid
00000@000

The Perfect Hypermomentum Preserving Hyperfluid [D.I, 2020 ]

Energy Momentum:

Tww = tyw = puyuy, + phyy

Hypermomentum :

A&IBV = ¢huauu + Xhuauu + wuahwf + wug Uy, + 5n,46a,ul/fiuﬁc
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The Perfect Hypermomentum Preserving Hyperfluid [D.I, 2020 ]

Energy Momentum:

Tww = tyw = puyuy, + phyy

Hypermomentum :

A&IBV = (bhuauu + Xhuauu + wuahwf + wug Uy, + 5n,4€auunUHC

v

Conservation laws (obtained from diff invariance)

ﬁu T = %AaﬂvRaﬁw_ Vv, (\/ng/\ W) =0
We call it hypermomentum preserving.
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The Perfect Hypermomentum Preserving Hyperfluid [D.I, 2020 ]

Energy Momentum:

T,uz/ =ty = puyly + ph,uu

Hypermomentum :

AgBV = ¢huauu + Xhuauu + /l/]u(l’h}ul + wuquy U, + 5n,46a,uununc

Conservation laws (obtained from diff invariance)

ﬁu T = %AO‘BWRQBW- Vv, (\/ng/\ W) =0
We call it hypermomentum preserving.

The conservation law for hypermomentum (2nd eq. above) in an
FLRW Universe really contains 2 independent eqs for the 5 fields.
= 3 eqgs of state must be provided.
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The Perfect Cosmological Hyperfluid
000000000

Continuity equation and hypermomentum evolution

Evolution Equations of the Perfect (Hypermomentum preserving)
Hyperfluid

1 .
p- + (n _ 1)H(:0 + P) = —§UMUV(XRW, + ¢R/w) (10)

¢+ (n—1)Ho + H(x + ) + X —xY =0 (11)
wH+(n-1)Hx+v+w)+(n-1) (X -xY)=0 (12)
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The Perfect Cosmological Hyperfluid
000000000

Continuity equation and hypermomentum evolution

Evolution Equations of the Perfect (Hypermomentum preserving)

Hyperfluid

1 .
p- + (n _ 1)H(:0 + P) = _§UMUV(XR;W + ¢R/w) (10)

¢+ (n—1)Ho + H(x + ) + X —xY =0 (11)
wH+(n-1)Hx+v+w)+(n-1) (X -xY)=0 (12)

Equations of state
As mentioned earlier, the above system must be supplemented
with appropriate equations of state among the energy density,
pressure and hypermomentum variables.
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The Perfect Cosmological Hyperfluid
000000080

Generalization: There exists a Perfect Hyperfluid, generalizing the

Perfect Fluid notion of GR, for which: (D.l. 2021, JCAP)

tuy = pclply + pch;u/ ) T;w = puyuy, + phmx (13)
Ag’zy = @iy == Y0 By =5 B0 i TE @ 0y, 0y 4 O £ g
(14)
These sources are subject to the conservation laws:
N 1l Apv il v v
Vit'a = A Rywa + 5 Qapu (17 = TH) (15)
1 -
B=Th g VAT (16)
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Generalization: There exists a Perfect Hyperfluid, generalizing the

Perfect Fluid notion of GR, for which: (D.l. 2021, JCAP)

tyy = pclyty + pch,uzl ) T;w = puyuy, + phmx (13)

Ag’zy = @iy == Y0 By =5 B0 i TE @ 0y, 0y 4 O £ g
(14)
These sources are subject to the conservation laws:

1 1
Vutua — §A/\HVR)\;U/a + 5Qalw(t,uu . Tuu) (15)

tho=TH —
TN T2y

Vi(V=gA,") (16)

The Perfect Hyperfluid is a direct generalization of the Perfect
Fluid description where now the microscopic characteristics of
matter are also taken into account.
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The Perfect Cosmological Hyperfluid
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Lagrangian Formulation of Hyperfluids

Hyperhydrodynamics

Before we jump into applications let us comment on the
Lagrangian formulation of Hyperfluids as developed in [D.l, Tomi
Koivisto, JCAP, 2024].
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was given there.
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Lagrangian Formulation of Hyperfluids

Hyperhydrodynamics

Before we jump into applications let us comment on the
Lagrangian formulation of Hyperfluids as developed in [D.l, Tomi
Koivisto, JCAP, 2024].

Key Aspects

@ The Lagrangian that produces this isotropic hypermomentum
was given there.

@ In FLRW the energy-momentum is of course of perfect fluid
form but for generic backgrounds we have an imperfect fluid!

@ The viscous fluid characteristics, such as heat flux, anisotropic
stresses etc. have an origin from hypermomentum.

@ Quite remarkably first order hydrodynamics naturally derives
from our fluid action!




Cosmology with Hyperfluids
©0000000000

A Simple extension of Einstein-Cartan Theory

Our model

We consider the Metric-Affine version of the Einstein-Hilbert
Action with the matter sector being a Perfect Hyperfluid:

1

5= / d*xv/"ZR + Snyplg, T] (17)
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A Simple extension of Einstein-Cartan Theory

Our model

We consider the Metric-Affine version of the Einstein-Hilbert
Action with the matter sector being a Perfect Hyperfluid:

1
T / d*xv/ &R + Shyolg.T] (17)
Field Equations
1
Riw) = Eg#,,R = 8T, (18)
o
(Cg* + 25)\) g — (" +25,") + (q” — % - 25"“) 0% = KL
(19)

v
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Cosmology with Hyperfluids
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Torsion and Non-metricity in terms of Hypermomentum

The connection field equations yield in this case

A C
— 14— — = 2
5 5 =, (20)
3A C
B—"— —40— — = 21
5 5 = X (21)
2P = —k(,B = —2k¢,3B = —2Kw. (22)
This can be solved for A, B, C etc in terms of the sources ¢, y, ...

V.
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Torsion and Non-metricity in terms of Hypermomentum

The connection field equations yield in this case

A C
— 14— — = 2
5 5 =, (20)
3A C
B—"— —40— — = 21
5 5 = X (21)
2P = —k(,B = —2k¢,3B = —2Kw. (22)
This can be solved for A, B, C etc in terms of the sources ¢, y, ...

V.

Important Note

Due to projective invariance we have a vanishing dilation current.
Then we may fix the projective gauge such that C = 3/2B.
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Cosmology with Hyperfluids
0000000000

Friedmann equations with spin and shear (hyperfluid)

H2 = 2 (+ (B0 + 1 +0H - 206 =)0 +x +29))

2 2 2
+5 8+ T W -+ SH -0+ (29)
- . 2
2= —Z(p+3p) + (6 —X) + THW = X) — oW + X +29)

2 [p+ Go+x+ - T - @ +x+20)] . (24)

V.
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Friedmann equations with spin and shear (hyperfluid)

H2 = 2 (+ (B0 + 1 +0H - 206 =)0 +x +29))

K2 5 K2 5 K2 s K Kp

+T¢ +TC —E(T/J—X) +§H(T/J—X)+?- (23)
.. . 2
2= —Z(p+3p) + (6 —X) + THW = X) — oW + X +29)

2 [p+ Go+x+ - T - @ +x+20)] . (24)

V.

Note: The ¢ spin mode

Consistency of the conservation laws and the Friedmann equations
demands that ¢ % namely it behaves exactly as a curvature
contribution!
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Alternative form

We may recast the system of equations along with the
conservation laws as (for ¢ = 0)

3H? = kp + Kpp (25a)
2H +3H? = —kp — kpp, (25b)
p+3H(p + p) = —pn — 3H(pn + 1) (25¢)

where the effective density of the hyperfluid is given by

3%, < 3Yi0  3¥3 3%y0 302>
Phi=—F7F— +K|— —

2 2 4 2 4

oy
+H (321 i 72 + 3a> (26)

and a similar expression for pj. )
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Distinguished Indexes

A series of different indexes

p
wi= —, 27a
; (27a)
wp = &, (27b)
Ph
+ wp+ w
Weff = PRk P Al #w+ w. (27¢)
P+ ph P+ pn
It is also a simple matter to show that
2H
Werr = —1 — 3? (28)

v

We call w just the barotropic index of matter eos, wy, the
hypermomentum index, and w,g as effective (expansion) index.
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Pure Spin Case

The full analysis of the Cosmological dynamics of this model was
performed in [llaria Andrei, D.l,, Laur Jarv, Margus
Saal,Phys.Rev.D 111 (2025) 6, 064063|.

System of Eqns for pure spin

2 2
3H2 = kp + 3Hro — 3’*40 : (29)
o I€2O'2
2H + 3H? = —kp + 2HkKo + 6K — ¥ (30)
. RO
p+3H(p+p)=— (p+3p), (31)

V,
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Pure Spin Case

The full analysis of the Cosmological dynamics of this model was
performed in [llaria Andrei, D.l,, Laur Jarv, Margus
Saal,Phys.Rev.D 111 (2025) 6, 064063|.

System of Eqns for pure spin

3K202

3H? = kp + 3Hko — R (29)
o 1120'2
2H + 3H? = —kp + 2HkKo + 6K — ¥ (30)
. RO
p+3H(p+p)=— (p+3p), (31)

The continuity eqn is identical to that of an open thermodynamic
system with particle production rate I' x !
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Spin proportional to (square root of) energy-density

From the Friedmann eqn one sees that o2 has the same dimensions
as p. This suggests the ansatz:

o= by/P (32)

KR

where b is a dimensionless constant.
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Spin proportional to (square root of) energy-density

From the Friedmann eqn one sees that o2 has the same dimensions
as p. This suggests the ansatz:

o= bﬁ , (32)

where b is a dimensionless constant.

Using this the modified continuity eqn becomes

p+V3k(14+ w+b)p? =0, (33)J

namely
w,=w=xb. (34)

is the barotropic index of matter monitoring how energy dilutes.
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Effective Expansion Index
On the other hand, one finds the effective expansion index to be

2w F b

Weff = m (35)

The fact that w, # weg has dramatic consequences on the
conclusions that can be drawn for the behaviour of p and H. For

instance:
@ w = —1 does not necessarily imply that p = constant and
H = constant.
o De Sitter expansion (H = Hp) does not demand that
p = constant.
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In preparation...

'Interacting fluids cosmologies from the metric affine framework’ J

The previous theory is extended to include perfect fluid+hyperfluid

1
S = > / d*xv/—gR + Spf + Shyper (36)
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The previous theory is extended to include perfect fluid+hyperfluid
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Preliminary results

@ The model resembles interacting fluid cosmologies where the
creation/annihilation rate is due to the interaction of spin
with spacetime torsion.
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In preparation...

'Interacting fluids cosmologies from the metric affine framework’ )

The previous theory is extended to include perfect fluid+hyperfluid

1
S = > / d*xv/—gR + Spf + Shyper (36)

Preliminary results

@ The model resembles interacting fluid cosmologies where the
creation/annihilation rate is due to the interaction of spin
with spacetime torsion.

@ Model — statistically equivalent to the standard ACDM
scenario across most datasets. Considering the most complete
dataset selection, it provides a significantly improved fit
according to Information Criteria.

v
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Conclusions/Further Prospects

@ The Perfect Hyperfluid (Perfect Fluid with microstructure) is
the Cosmological Fluid of MAG.
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Conclusions/Further Prospects

@ The Perfect Hyperfluid (Perfect Fluid with microstructure) is
the Cosmological Fluid of MAG.

@ In isotropic Cosmologies the hypermomentum contributes 5
degrees of freedom (¢, x, ...).

@ The modifications coming from hypermomentum offer rich
phenomenology and explain rather naturally many scenarios
that are frequently arbitrary imposed in standard theories.

e For instance a stiff matter equation of state arises naturally by
the dilation part of the hyperfluid. The production rate of an
open system related to the spin part, etc.

o Different effective indexes describe the various cosmological
quantities.

@ Connection to observations and bounds on hypermomentum
variables?
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... Thank you!!!
Gracias!!!
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