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Our Universe is accelerating

One of the most puzzling issues of modern physics,
with no convincing solution yet.

Cosmological observations

A wealth of current and future surveys aims
at finding out: Euclid, SKA, ...

Local-scales tests

Can we build new and precision tests of gravity
at stellar scales?



Our best (?) theory so far
G +ANgu = SWGTﬁatter

But what is A?

A=Ay + Apatter ~ (MeV)?

PN

3are plece Quantum contributions
(free to tune) from matter fields

"See e.g: S. Weinberg (1988) // A. Padilla (2015)



Extending General Relativity

New scalar-field interactions beyond GR

1901 Brans-Dicke Newton’s G promoted to a dynamical scalar

1074 Horndeski Most general theory of a scalar field + metric,
with second-order equations

2010 DHOST Most general (higher-order) theory of a scalar field + metric
without pathologies

For reviews see: T. Clifton et al (2012) // D. Langlois et al (2017)



Why cosmological probes are challenging

Geometry probes the total energy-momentum content in the Universe

_ tot I\ Dark ener
Guv = 87 G0 = P
y Dark matter

Similarity with measurements of stellar mass:

KG.M\

See e.g: M. Kunz, PRD 80 123001 (2009)



Phenomenological imprints

K Effective strength of gravity G - pm — Geg(t, k) - pm X

G(lfifght)
Gravitational slip = G(;;atter) #1
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New gravitational forces

New fields need to operate at cosmological scales, but “hide” at local scales

dv;eff. (Cb, pm)

do =0

Trick: Environmentally-dependent mass ( Chameleon” fields) ¢ —

B bp
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J. Khoury and A. Weltman (2003)



S0, where could we search for imprints?
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S0, where could we search for imprints?

Short-scale tests Astrophysical tests

Complementarity of different tests has significantly constrained the
allowed theory space of new fifth-forces (mostly of Yukawa nature)



An intriguing new prediction at local scales

The most general scalar-tensor theories (DHOST) predict

a new force inside matter sources

g
V2® = 47Gp + GYv2 (

dM
dr

~

)

Fifth-force term

N

The fifth-force coupling strength Y
relates to the parameters controlling
the theory’'s cosmological dynamics

Y > 0 (Y< 0) weakens (enhances) gravity

The theory can be constrained with stellar-structure observations

“M. Crisostomi and K. Koyama, PRD 97 (2018) no.2, 021301
J. Ben Achour, et al, JHEP 1612 (2016) 100



New local constraints from white dwarfs

Radiative envelope
(Helium/Hydrogen)
~ 1% of stellar mass

Degenerate core
(Helium or Carbon/Oxygen)
Degenerate e- pressure

Precision tests require going beyond the Chandrasekhar model:

e Coulomb interactions between electrons and ions (~ 4% - 5% decrease in radius)
¢ [hermal history: temperature, radiative envelope, and core/envelope composition

e Evolution along the cooling track: ~ 10% - 40 % decrease in radius



The mass-radius relation of white dwarfs

Predicted mass-radius relation for the most general E.0.S at zero temperature (Hamada-Salpeter)
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A detection of modified gravity?

Constraints at zero temperature (Hamada-Salpeter E.0.S)
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A detection of modified gravity?

Temperature and envelope-structure matters
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A new constraint on general scalar-tensor theories
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Bound translates to new tight constraints on the cosmological parameters controlling
scalar linear fluctuations [A. Dima, F. Vernizzi PRD 97 (2018) no.10, 101302 ]



Can we do better?
YES!

Solar pulsations are our most accurate probe of the solar interior

e N

Traditionally, a probe of the assumptions A precision probe of
on the star’s chemical makeup through

. . . gravity in the stellar interior
iInversion techniques

Accuracy: <1074

IPicture from NSO/GONG network



The triumphs of helioseismology

Speed of sound in the solar interior

J. Christensen-Dalsgaard’, T. L. Duvall Jr', D. O. Gough*, J. W. Harvey*
& E. J. Rhodes Jr'
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Frequencies of solar 5-min oscillations can be used to determine directly the sound speed of the solar interior. The
determination described here does not depend on a solar model, but relies only on a simple asymptotic description of the
oscillations in terms of trapped acoustic waves.

Solar chemical make up

Physics of the solar core

Solar radius

Fig. 4 Square of the interior sound speed cj in the Sun (con-

Neutrino physics tinuous line) obtained by inverting the data in Fig. 1. The value

of ¢? in solar model is included as a dashed line for comparison.



The basic principle

Physical setup: Perturbed Newtonian fluid + gravity

— + k? Yir) =0 W) =c2pl?V - or
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I See e.g J. Christensen-Dalsgaard, arXiv: 0207403
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Helioseismology as a precision test of gravity

dP — GM(r)
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Modelling the present Sun

AtmOSphere ~ 20/0 TRhe_Profile Summary_Profile

age 3.G16337eb yr medel 201 1 age 3.616337e6 yr maodel 201
Iy E[] ! -

Pa_NUC P

antrapy / max
~&:/mu.v\
L

m

Convective zone ~ 30 %

log Temperature (K)

log Density (g cm ™~}

HR
dge 356163876 yr medel 201 1

364 362 3.6
log Teff
TRho

-3 -2 -1 @ 120 160

log Rho_ {g em™} conv  over madel number
burning

model_number 201 star_maas (C.99G98B2 log_cntr T 6.6791918 leg_Lnuc  —4.27G3785
log_star_age 6.35B82781 log_aba_mdot —12.43C01€73 lcg_cntr_Rha 037344812 leg_Lneu —5.6680871
log dt 5.5232%36  he_core_mass C.0CO0C00C log_center_P  15,1835598 log_LH —4.27C3785
lag_L -0.1180243 c<¢_core_mass C.0C00C0C center h1  0,70G0000 log LHe —78.0724222
log Teff 3.6343634 cz_bot_rmass  C.158828% center hed  0.2795702 log_LZ —19.5B69497
log R 0.1665200 cz_top_maas (.99G98B2 center c12  0.0034416 num_zonea S01
log g 4.044844Z cz_bot_radius (.49394B81 centar n14  0.0010082 num_ratries O
log_surf_P 4.7382037 cz_top_radius 1.5719485 center o168 0.0093377  num_backups O

Reference model:
Calibrated (realistic) solar model at standard gravity

Input: Atmospheric model, convection modelling & overshooting, abundances ... etc.

Performed with Modules for Experiments in Stellar Astrophysics (MESA): B. Paxton, et al,, Apd 192 (2011)



Pulsation spectrum in modified gravity

Pulsation equations solved within the Cowling approximation:
Gravitational back-reaction is neglected

Scheme: Double shooting method on a grid of ~ 1077 points and degree range: 5 < | < 40

or
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Proxy equation of state in
modified gravity: polytrope

“Numerical simulations performed with GYRE: R.H.D Townsend and S. Teitler, Mon. Not. Roy. Astron. Soc. 435 (2013)
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Confrontation with observations

Statistical analysis: Bayesian analysis based on those modes which agree
with the standard solar model (Data set: GONG network)

| 1 |
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Fifth—force coupling Y

~18-1072 <Y <1.2-1077% (20)




Cosmological implications
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The Hulse-Taylor pulsar constraint is taken from: A. Dima and F. Vernizzi, PRD 97 (2018)



Revisiting helioseismic inversions

Helioseismic inversions provide a powerful diagnostic of the physics of the solar interior
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s there space for deviations from Newtonian gravity?



Summary

Helioseismology can be used as an exciting and
precision probe of fifth forces in Nature

Other pulsators such as red giants or white dwarfs can
provide powerful, complementary information

New constraints can significantly improve
our understanding for fifth forces in the Universe and
the nature of dark energy



