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Equ

ivalence principle

The happiest thought of my life

« | was sitting in

a chair in the pattent office at Bern

when all of a sudden a thought occurred to me : 'If a

person falls free]

y he will not feel his own weight." |

was startled. T

nis simple thought made a deep

impression on me. It impelled me toward a theory

of gravitation »

Albert Einstein



Equivalence principle

Gravity is not a force

Gravity is inertia BUT in a curved space-time

Explains the equivalence between inertial and
gravitational masses



GR Lagrangian formulation

Ricci scalar\

SZ%I(R(g)

2K

| Lm)\/gcfx

Naive classical assumption for (dust) matter

Lffz—p:—ZAmAcz(uO\/——g)_l 6<3>(3€—)Z’A)

dm Jdt=0

l ¢ R —
S:;f 2(5)\/\g\d4x—czzA fA m, dT

—» EIH equation
of motion

EIH=Einstein-Infeld-Hoffmann



GR and SM Lagrangian formulation

guarks and
Strong nuclear leptons
1 R
s=L (R, L (g s Jlgld" x

nggs

Weak nuclear

Standard model
particle Lagrangian

And constants...



GR Lagrangian formulation

S=lf(R(g) ILm)\/Ed4x

C 2K

Action densities « glued together additively »
in Einstein's words

Meaning : Matter and geometry can be described
separately — they are independent by nature




GR tests

e Weak field

- Solar system (bending of light, perihelion advance,
gravitational redshift, etc.)

- Binary pulsars decay orbit
- Lensing (weak and strong)

- Observation of gravitational waves
* Non-linear regimes

- Cosmology - standard ACDM model
- Black holes

- Generation of gravitational waves



GR 1ssues

* Mach's Principle



Mach's principle

« It would be a remarkable coincidence If the
Inertial frame [...] just happened to be the
reference frame in which typical stars are at rest »

Steven Weinberg

« [In modern words, Mach's idea is that] inertial
forces observed locally in an accelerated
laboratory may be interpreted as gravitational
effects having their origin in distant matter
accelerated relative to the laboratory »

Carl Brans




Mach's principle

The existence of vacuum solutions in GR show
that the expression of Mach's principle is
at best imperfect in GR.

See for instance [Brans & Dicke, Phys. Rev. 1961]
Or [Weinberg, Rev. Mod. Phys. 1989]
Or [Pais, Subttle is the Lord: The science and the life of Albert Einstein, 1982]



GR 1ssues

* Mach's Principle
* Dark energy, dark matter and inflation

(but solution could come from particle sector)
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GR 1ssues

* Mach's Principle
* Dark energy, dark matter and inflation

(but solution could come from particle sector)
* Quantum gravity

(but GR could be assymptotically safe or need
other non-perturbative technics like in LQG,...)

e Unification

(but current paradigm : GR is not a force
— a priori no reason to be unified with gauge
theories)



Outline

Intreduction
Background : intrinsic decoupling in scalar-

tensor theories with universal matter
coupling

- Action, field equations & phenomenology

The new proposal

- Action, field equations & an alternative formulation
Discussion

- Good things and questions

Conclusion



Intrinsic decoupling from universal
scalar-matter coupling

General class :

5= 1| o r-22 (0,0

> +f(¢>Lm<g,m>]¢@d4x




Field equations

Simplification for this talk

s=L 1 (o202 0,08 s 012, (5. )|Vt
1 2
Raﬁ_zgaBR:Kféq)) Lt [V VB gaﬁv]
o) 1
_I_q)z -aaq)aﬁq) 2goc[3(5q)) |

V,1°°=(L,’ g*=T"")0,In f(¢)

2w+ 3

2¢:K(f("’)T 2 £ (o)L OS)




Special cases with decoupling

2m+3

b

V2¢=K(f(q’)T 2f'(q>)Lff)

b

Same naive classical assumption for (dust) matter as in GR

LS=—p==Y m,*u’N—g| 8°(G-x,)
LZSZT dm  /dt=0
' ]
q)f (q)): qu):()




Special cases with decoupling

In other words :

5=1J | (o k- (00| voL. e w) |VIlas

2%

and LZSZ—DZ—ZA mACZ(UO\/_—g)_16<3>(}_fA)

Total decoupling

~ (Not entirely correct)

qu):() : 0= ‘ Raﬁ_%gaﬁR:Kfs)(i)C) T o

(but gives the idea)‘

The scalar field is not sourced — one recovers GR for dust fields



Subtelty

So far, one used a naive classical view of (dust) matter

S=> | hm,dx
SZIhLm\/Lg_|d4x \ |

0

dmA:

dT

Is this correct ??




Standard model Lagrangian
<100 GeV — SU(3)xU(1)

1 Vv 1 aunwv a
Y, ———F"F],

4o 403

hi,=h Zi P, (i D—m, ),

How does this can reduce on-shell to

S,=>. | hm,d~

2772




Standard model Lagrangian
<100 GeV — SU(3)xU(1)

Lmzz @z(ZD_mz)wz ! > }TMV}TLW 1 - FaMVFg\;

Classicaly, do not

Invariant under conformal ‘ |
transformations |

contribute to the mass of
particles (since traceless)

[f that was true, we could explain around 1% of
atomic mass




One must take into account quantum
effects : trace anomalies

hT:;ucl Z m, 1+ym)w B( )prF _]_[33( 3)FaMVF3\,
\Za ) 2a3 )

Scale invariance "broken" by Contribute to particles’ mass

running of coupling constants By virtue of
Noether's theorem

Trace anomalies are responsible for around 99% of
nuclear mass

Related to (for instance) [Gasser & Leutwyler, Phys. Rep. 1982],
|[Damour & Donoghue, Phys. Rev. D 2010] and [Nitti & Piazza, Phys. Rev. D, 2012]



Considering both QED and QCD
trace anomalies

thucl.:h —Zlml(l-I-yml)lﬁlll)l—B(a)FWF _63(0(3) FaMVFa

" 20 o 2(1; -
— 4 | B
szth\/|g\d X \ Sm—ZAfAhmAdT
[Hui and Nicolis, Phys. Lett. 2010] d mA/d =0

One recovers the naive classical universal coupling

Possibly up to Planck suppressed terms
[Armendariz-Picon & Penco, Phys. Rev. D 2012]




However

hTZd

not quite } Ll’;’f‘d'

B ) S=> | hm,dx
S=thm\/\g\d4x \ |

dm,
dt

Is this correct ??

0

Could be, but still working on it
(btw, seek help with effective QCD and QED Lagrangians)



Reminder of the decoupling

C 2K

5= 1|50 k- (0.0 oL (e w) |Vlas

and LZSZ—DZ—ZA mAcz(UO\/__g)_lé(3)(}_fA)

=N sz—czZA fA Jom dT

Total decoupling  dm ,/d t=0

~ (Not entirely correct)

qu):() : 0= ‘ Raﬁ_%gaﬁR:Kfs)(i)C) T o

(but gives the idea)‘

The scalar field is not sourced — one recovers GR for dust fields



What happens for pressureful
fluids 7

What is the on-shell Lagrangian for a pressureful fluid ?



What happens for pressureful

fluids 7

For a barotropic fluid, one can show that : [P=P(p))
@ (LOS:LOS(p))

m m

(0N

d

d LOS

705 _
m P do

gocﬁ

Equating to perfect fluid stress-energy tensor 7, ,=(e+P)U U,+P g,

One gets
OS5 _
o =l Lap
dLm __€+P | c P
dp P

[Minazzoli & Harko, Phys. Rev. D 2012]



What happens for pressureful
fluids 7

Scalar field sourced by pressure — « pressuron »

[Minazzoli & Hees, Phys. Rev. D 2013], [Minazzoli & Hees, Phys. Rev. D 2014]



Warning !

LOS:_ :_C’ 0

m

1+ | —d
fpp

2mw+3 2 . 3_P
A v

This must be recovered from microphysics
before being trusted

(macroscopic derivation only indicates that it is
plausible)



Solar system phenomenology

Post-Newtonian parameters: Y=Yy =1 B=Psr=1 YV ol(p)

Newtonian potential modified at the post-Newtonian level :

1 3G P(X)d’x’
2 2w,+3 X—x"

U=U gp—

Point particle equation of motion modifed :

ugvouuz—% &'+ u®)o Ing

Turns out, both modification cancel out !!! d=d,
[Minazzoli & Hees, Phys. Rev. D 2013]




Solar system phenomenology

 No Nordvedt effect at 1.5 PN
« Same trajectories for light until c*  (not detectable)

e Gravitationnal redshift differs from GR !

Av _Av 3 P
V' Pressuron V' Gr 2(1)0‘|‘3 C2p

<P
2
cp

>~106

for the Earth

ACES intends to test gravitational redshift at the 10° level
STE-QUEST..... st 10”7



Pressuron : in other words

S=[d*xV=gln*R-z(n)(@nP)+>. m,[ hdo,

] [ g;cﬁ:hzgocﬁ
S=[d*x\V=g(R-Z(n)(OnP)+Y. m,[ d3J,

Seems like « Weyled » general relativity
[Deruelle & Sasaki, 2010]« But

not quite (due to free fields)

~

SFF:

40,
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Letter from Einstein to Weyl

« Ultimately it must turn out that action densities
must not be glued together additively. I too,
concocted various things, but time and again I sank
my head in resignation. »

Albert Einstein, 1918

[Pais, Subttle is the Lord: The science and the life of Albert Einstein, 1982]

Reminder GR action: =f % + Lm \/@d4 X




Question

[s there another way to glue together the action
densities of matter and geometry that gives a world
similar (enough) to the one we live in ?



Question

[s there another way to glue together the action
densities of matter and geometry that gives a world
similar (enough) to the one we live in ?

Answer : Could be ! My colleagues and I seem to have
found one of such possibilities

[Ludwig, Minazzoli & Capozziello, Phys. Lett. B 2015]



A new way to glue matter to geometry

§=—X -E;JEﬂd4x
2cY R

Instead of :

R
2K

5=

C

—FLm)¢EJd4x

Multiplicative coupling meaning : matter and geometry are
fundamentally inseparable.
One cannot exist without the other !



Field equations

L —
§=—X Em\/|g|d4x

2C
R=—L 7 +R2[V Y VzlLi“
gocB T Lm af Li o B gocﬁ R2
R, L R




2

1 R

ROLB__gocBR:__ lvavﬁ_gaﬁvzl
2 L

R L, R
3?V —=R=T
Defining : hE—Kk — the field equations write :
1
R, __gaBR_KTaB+ [V V- gaBV2]

2 h

%Vzhzzi(T—Lm)




Alternative form

1
R, _EgocBR_];TaB_I_ [V V- gaBV2]

%Vzhzzg(T—Lm)

Those field equations can be recovered by another
(more usual) action density :

:%f

2 —_—
h f | hLm)\/\g\cfx




Alternative form

1 ¢[RR, — 4
S—Cf D |hLm \/‘g‘d X
o s=] (2K vqwm)wgld x

The alternative form is nothing but a pressuron action
without kinetic term

[Ludwig, Minazzoli & Capozziello, Phys. Lett. B 2015]

Reminder
Pressuron:

S=lf[i(¢R—$(ﬁo¢)2

. T g4
cY | 2K +*/¢Lm(g,qj)]\/|g|d X

[Minazzoli & Hees, Phys. Rev. D 2013]



Conclusion about this theory

§=—X L—i\/Lg_‘fx
2cY R
] |

h* R —
Ch L d
o m)ﬂg\ X

_1
S—Cf

The new theory effectively reduces to_a special case of the
previous theory that seems to reduce to GR in the
dust limit

[Ludwig, Minazzoli & Capozziello, Phys. Lett. B 2015]



Outline
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Good points of the theory

 May recover GR in regimes where it is tested

* Matter and geometry become inseparable

- Therefore, satisfies stronger version of Mach's
principle than usual scalar-tensor theories
[Dicke, Phys. Rev. 1962]

« Satisfy Occam's razor principle of economy

L
2K

is as simple as

JIgld*
(no new ingredient) lgld"x

Szlf

C

L —
_ K m 4
S= 2cf R\/|g|dx

One just changed the way matter and geometry are glued together !



Issues/open questions

 Cosmology

- No place for a cosmological constant — how to get
the phenomenology of dark energy without spoiling
the correct solar system phenomenology ?

- Radiation era physics needs careful study "/05 554"
- Very high density era ? (horizon problem ?)
» Strong field ?
- What is the role of pressure in relativistic regimes ?
— should we expect deviation from GR ? when ?

- Binaries' coalescence
* e.g. What is the sensitivity of black holes? Neutron stars?



Issues/open questions

Radiative corrections should not be studied In
Minkowskian backgrounds by definition

(— vacuum energy issue ?)

How to tackle whole quantification when only
multiplicative coupling between matter and
geometry ?

Effective Lagrangian should be worked out
explicitely for nuclear matter!

Pressureful limit (for general pressuron) should
be recovered from microphysics

Etc.



Final words with the
letter from Einstein to Weyl

« Ultimately it must turn out that action densities
must not be glued together additively. »

Albert Einstein, 1918

2

L. — R
__K m 4 to be compared to
S ch P VIgld* x p

—+ L

T 44
> e \/|g|d X

1
Szzf

One just changed the way matter and geometry are glued together !

Thank you for yvour attention !!!




Additional slides



Pressuron

S=[d*xV=gln*R-z(n)(@nP)+>. m,[ hdo,

] [ g;cﬁ:hzgocﬁ
S=[d*x\V=g(R-Z(n)(OnP)+Y. m,[ d3J,

Seems like « Weyled » general relativity
But
not quite (due to free fields)

~

SFF:

40,




Brans-Dicke :

—_g(th—z(h)(ah)2)+Z [m,d~,

ORI RSV Ey

~ :h2
Pressuron : Eap Eap

Sfdx\/

—g|n*R-Z(h)(oh))+y. [hm,d~,

Sfdxx/

~

)2)+ZA f m,dT,

(RZ

SFF:

2

40,




General relativity :

~ 2
gaB:h gocﬁ

S=[d*x\=gln*R-Z(h)(oh)}|+Y, [hmdx,
s=[da*xV—g|R— Z(h)(éh)2)+2 fmAde
Pressuron :

S=[ d*xV=glh*R—z(n)(0n})+>, [hm,d~,
S=[d*xV=g|R-Z(n)(3nP|]+>, [ m,d¥,
GFF _ 2 F*

40




Coupling model of Damour and Donoghue
(universal case)

(04
Lint:hT;ucl.:h Z m, 1+ym)1l) w_ﬁ ( 3) FaMVFS\,
2a,
+ Free-field : hL!" = ! SFYF
4o

PHYSICAL REVIEW D 82, 084033 (2010)

6113

FAp: v
49“ 2q

L intp K¢’|:

N Z (dm,- T y”r,dg)m:"?zfi[ﬁf]- (12)

i=e,u,d

h=x¢d, d,=d,=d




Coupling model of Damour and Donoghue
(universal case)

[33 ((X‘f%) Fauv Fa

3 wv
20,

Universal coupling to trace anomaly accounting for low energy

(<<100GeV) standard model

3 wv 3 wv
20 20,

hT;ucl_h(zlml(l_'_yml)wlwlﬁ(a)Fqu _B3(a3> Faqua

But again

| ~ Still some work to do !

hTZd

not quite /A LZM’
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