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Sow [g.9.0] =5 | d'x/=2s (o) 1]

n, Kuchatr (1994)

Ly,=p®,, u, =,

Scale invariance, as there is no fixed scale in the action

Global symmetry ¢ — ¢ + ¢
@ “Fake” violation of the Lorenz-symmetry, (u*) # 0

DM energy density p as a Lagrange multiplier
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Similarly to the Ostrogradsky Hamiltonian for systems with higher
derivatives, the system is linear in canonical momentum 7, i.e. in the

energy density of DM, p

b =udp=(p) 7= 5¢ —

This is very sketchy, for a detailed analysis see z, Karmakar, Matarrese, Sorokin (2018)

However, this canonical momentum cannot change sign!
Indeed p=—6p and p=— Qp — 0p etc

here 0= Vﬂuﬂ
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Is there a higher-derivative scalar-tensor
theory for this fluid-like dust?

New highly symmetric theories with useful
physical content and quantum properties
potentially different from “fluid dust”
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Chamseddine, Mukhanov (2013)

g,ul/ — g,ul/ (gaﬁ 8a¢8ﬁ¢)

physical metric of free fall auxiliary metric, dynamical variable

The new theory becomes invariant with respect to Weyl transformations:

Juv — 0 (2 ) Gy

The scalar field obeys the relativistic Hamilton-Jacobi equation:

g a,u¢ 0,9 =1

g = g"" (§°7 0adp) |
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Hammer, Vikman (2015)

3 §PX X 1_,
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Weyl-invariance: gauge invariant variables (A)
g,uy — QQ ( )g,ul/ 9 §W/ — (QX)_l Juv ,

¢ — ¢’ Y=,

X Q0% (2)X, X=X,

A— Q7% (2) X, A=2Xp,

- . _
So 19, ¢, p] Z/d4:v\/—9 —§R(g)+§ (9*P 0 atp.p — 1)

cf Golovnev (2013)
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Two faces of dust

1 A

1 1
S 8.1 2 ¢ =Jd4x\/fg (-5(0;() —E)(R—E)( +5/1 (o) )

gauge invariant variables (B) : &, =4"'h,, y =120
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Two faces of dust

1
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gauge invariant variables (B) : £,, = A‘lhﬂy
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Other Matter couples g/,w =

5 (00" -1)

v =129
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Calculating vacuum energy we are in trouble..,

| :
T =Ng  A=7 Y hoy/V = h|dkk* k> +m?
- .J

m*log (%) or  M*
observations: A ~ 10_29g/cm3
(10_36\/)4
(10~m,)*

(107 Erpe)”

Should vacuum really weigh?
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Atome bildenden elektrischen Elementargebilde durch Gravitationskrifte
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welehe von dem Gleichgewicht der das Elektron konstituierenden
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neue universelle Konstante A eingefilirt werden multe, die zu der
(resamtmasse der Welt (bzw. zu der Gleichgewichtsdichte der Muterie)
in fester Beziehung steht. Hierin liegt ein besonders schwerwiegender

Sclignheitsfehler der Theorie.
L e—— B —

G/w — T/w — Agﬂy =0
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Decoupling vacuum energy
from spacetime curvature

1
Gy =Ty = 58 (G =T) =0

invariant under vacuum shifts of
energy-momentum tensor

T/w — T/w + Agﬂy
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1
G = Ty =78, (G=T) =0
No Trace
Suy = Q- h,ul/
oS gt oS 0
52 Q2 Sgrv

Weyl invariance?
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@ Scale invariance, as there is no fixed scale in the action
@ Gauge degeneracy W* — W¥ + ¢/ where V e =0
@ Fake violation of the Lorenz-symmetry, ( W#) # 0

DE / CC energy density as a Lagrange multiplier

@ Similarly to the Ostrogradsky Hamiltonian, the system is linear in
canonical momentum 7z, i.e. in energy density of DE, A
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SWr

v/

= \/jg JAN However, aﬂA =(






Can one promote the global scale-invariance
to the local Weyl-invariance?



Can one promote the global scale-invariance
to the local Weyl-invariance?

Is there a higher-derivative scalar-tensor
generally covariant theory for this
simplest DE 1.e.



Can one promote the global scale-invariance
to the local Weyl-invariance?

Is there a higher-derivative scalar-tensor
generally covariant theory for this
simplest DE 1.e.

New highly symmetric theories with useful
physical content and quantum properties
potentially different
from “unimodular” gravity?
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h) 172
Ansatz: &y, = h,uv ' (Va Va)

vin =0

a "‘uv

@ Weyl invariance for the vector field of
conformal weight 4

h,, =Q° () h, Vi = Q4 (x) VH

@ Gauge degeneracy V¥ — V¥ + ¢ where VZ)G’" =0



Action for a vector-tensor theory
beyond Horndeski

S, [h, V] = — %Jd4x\/jh

(vv)" (1) +

; <Vh) v/

u o

-
v“>
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Action for a vector-tensor theory
beyond Horndeski

3 (Vv Va>2_

s, [ V] = —%Jd“x\/Th (v V“)m R (h) +

Equations of motion

N
=—0,(T-G)=0

N T




Action for a vector-tensor theory

S, [h, V] = — %Jd“xﬁ

| 0S

\/—h Nz

1 8S \/VZ)V“

\/—h Shap

beyond Horndeski
s (W)
(vi’,)v ) R(h) +- (;?va)”

Equations of motion

1
7

(T—G)=0

2

Taﬂ o Gaﬁ _ Zgaﬂ




Action for a vector-tensor theory

beyond Horndeski
i 2
AAVOATE
S, |h. V] = _ljd4x\/—h <VZ)V“)1/2 R (h) + > ( - 3/2
2 8 (VZ) VG)
Equations of motion
1 85 1
—=—09,(T-G)=0
V-n ovr 47"
1 88 \/ v v L -
i = | T G~ 8| T = G = —— V10, (T= G)
\/ —h \ \ATC

1
Gy =Ty = 58 (G =T) =0

S

)_
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wrong sign Lagrange multiplier
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VIM Stiickelberg Freiherr von Breidenbach zu Breidenstein und Melsbach field

Weyl transformations Weyl-invariant variables
2
— 02 / P
hﬂy = Q2 (X) h/w g/w — ? h//w
="' ()¢ 0

= @

, —2

VHE = Q4 (x) VK — ¢_2 -
A=A 6
A

2

A =
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Sle. WA @, = [d“xﬁ [—%R (g) + A (Vf) WH — 1) +S, g @,

Henneaux—Teitelboim
“unimodular” gravity (1989)

Global degree of freedom g () = Jd3x\/jg W' (z,X)

gauge invariance W* — W¥ + ¢# generates global shift-symmetry  — & + ¢
5
invariant 5’7(1‘2) —<O7<f1) =J ded3X\/—8
4

shift-symmetry in coordinate

conservation of momentum, A = conts
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Global degree of freedom
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Global degree of freedom
I ) = [d3x\/fg Wi(t,x) = Jd3X\/jh Vi(t, X)

For the action

Se |1 V] = = %Jd%\/jh (Vz) VO‘)U2 R (h) +




Global degree of freedom
T (1) = [d3x\/fg W' (. X) = Jd3X\/jh Vi (t,X)

For the action

Se |1 V] = = %Jaﬂx\/?h (Vz) V“>1/2 R (h) +

The conjugated canonical momentum of

AN
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Conformal weight four is unusual
for a vector field

Can one find a more usual construction?
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Axionic Cosmological Constant

Jirousek, Vikman (2019) in preparation
—h L JF FoB
Suv p ap
~ 1 e%Pmv

Fob — . :
2 \/~h

Weyl-Invariance for 4, = Q> (x) k),

1%

Fy

h
j72%
Spv = i VY . .
(— h) Pontryagin Density

— a
gﬂy _ hﬂy ) \/FaﬁF p Mukohyama et all (2018)
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Chern-Simons Current

cPro 2
C*=1r (FMA(S — glgAﬁAyA‘S)
\/ —h
composite vector variable
of conformal weight four!

l
gauge transformations A, > UA, U Tt g <6M U ) U1

introduce the shifts CH— CH+ e V )6” =0



S, [ A] = - %Jd“X\/Th
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' . \3~
o (RT)
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S, [ A] = - %Jd“x\/Th

matter couples to s, =

2

6

1
\/fh :

1
\/fh :

5S

SA,

5S ¢ |
Shab 12

9.

hﬂy Where FaﬂFaﬂ=

= F"9,(T—G) =0

1 _
Ty~ Gop= 7 (T'= G) gy

o
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Axionic Cosmological Constant?

Weyl-invariant variables

A(FaﬂF“ﬂ— 1)




Axionic Cosmological Constant?

Weyl-invariant variables

S (g, A A| = pd4x\ /=g |-=R (g) A(Faﬁ'ﬁ’aﬂ—1)

u —
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Foundations and Working Pictures in Microphysical Cosmology

Frank WILCZEK

[ would like to briefly mention one idea in this regard, that I am now exploring. It is to do something
for the A-parameter very similar to what the axion does for the #-parameter in QCD, another
otherwise mysteriously tiny quantity. The basic idea is to promote these parameters to dynamical

vari‘ablesi and_then_see if perhaps_small values will be chosen dynamically. In Ehe case of the
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lan Kimpton and Antonio Padilla

School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, UK

We now observe that the vacuum energy coming from particle physics enters the action
via a term of the form —2A [ d*z+/—§g. This has no effect on the dynamics provided

5o [ dev/TG=0. (2.1)

This is only possible when g, is a composite field, for which y/—g is the integrand of a
topological invariant, and/or a total derivative. Note that our method is distinct from

unimodular gravity in which the metric determinant is constrained to be unity [13].
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Thinks @4 ilfention!



