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n  The search for a fully consistent Quantum Gravity theory is a very active field of  research. GR 
is consistent if  treated  in the frame of  quantum effective field theories but it breaks down at 
Planck scale 

 
J.F.	  Donoghue	  and	  T.	  Torma,	  

	  gr-‐qc/9405057	  
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Bull	  et	  al.	  	  
arXiv:1512.05356	  

See	  F.	  Maldonado’s	  talk	  
on	  torsion	  theories	  

See	  T.	  Baker’s	  talk	  
on	  current	  status	  



 A. de la Cruz-Dombriz 

ü  Motivation

    

i.e.,	   General	   Rela3vity	   is	   extrapolated	   6	   orders	   of	  
magnitude	   to	   learn	  about	  Nuclear	  Physics	  only	  a	   factor	  
3-‐4	  away	  :S	  
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Constraints to GR?

Science	  340	  1233232	  (2010)	  	  

i.e.,	   General	   Rela3vity	   is	   extrapolated	   6	   orders	   of	  
magnitude	   to	   learn	  about	  Nuclear	  Physics	  only	  a	   factor	  
3-‐4	  away	  :S	  
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Measured	  pulsar	  stars	  (before	  2010)	  
Phys.	  Rev.	  C77	  065803	  (2008)	  
	  

•  Stars	  made	  of	  free-‐neutron	  gas	  can	  only	  host	  0.6MSun	  	  

•  Tradi3onal	  nuclear-‐force	  poten3al	  model	  1.5-‐1.6MSun	  
	  
•  S3ffer	  chiral	  interac3on	  2.2MSun	  

10	  

 Within GR paradigm, NS can be used to exclude models
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ü  What do those QCD-inspired EoS say about gravity?

A.	  Dobado,	  F.	  Llanes	  and	  V.	  Oller	  
	  Phys.	  Rev.	  C	  85	  (2012)	  012801	  	  
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1710.05877	  
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(Some) Results in NR and GW in the context of Extended Theories of Gravity



(Some) Results in NR and GW in the context of Extended Theories of Gravity
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 A. de la Cruz-Dombriz 

	  
ü  Establishing	  well-‐posedness:	  Existence,	  uniqueness	  and	  con3nuous	  dependence	  on	  ini3al	  data	  
	  
ü  Interpre3ng	  well/ill-‐posedness	  in	  the	  context	  of	  effec3ve	  field	  theory	  (EFT).	  IVP.	  Hyperbolicity?	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  *	  Already	  in	  GR,	  hyperbolicity	  depends	  on	  the	  formalism	  [ADM	  weak	  vs.	  BSSD	  strong]	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  f(R):	  B.	  Mongwane,	  1610.07224	  	  ;	  Spherical	  symmetry	  scalar-‐tensor	  theories:	  Alcubierre	  et	  al.,	  1207.6142	  
	  
ü  Numerical	  challenges	  associated	  with	  the	  above	  and	  with	  having	  extra	  fields	  
	  
ü  Parameterisa3ons	  vs.	  Non-‐parameterisa3on	  -‐	  Theory-agnostic  or  Specific Tests? 
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Theory-agnostic Tests 

•  PN Tests of GR Double Binary Pulsar  [Arun et al. (2006), Mishra et al. (2010)] 

•  Parameterised post-Einsteinian Formalism  

  PPE-modified Inspiral Waveform Phase  [Yunes & Pretorius PRD80 122003 (2009)] 

  PPE Mapping to Specific theories [Yunes, Pretorius & Spergel PRD80 122003 (2010)] 

 

•  Generalized IMRPhenom Waveform 

  Inspiral-merger-ringdown Phenomonological D (IMRPhenomD) waveform in GR [Khan et al. (2015)] 

  Possible to model non-GR merger & ringdown (unknown mapping to specific theories) 
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Equations of state
M.	  Aparicio,	  AdlCD,	  F.	  Llanes-‐Estrada,	  V.	  Zapatero	  

	  arXiv:1602.03880	  [gr-‐qc],	  	  Phys.Dark	  Univ.	  13	  (2016)	  147-‐161	  

-‐  Tradi3onally,	  potenRal-‐inspired	  Nuclear	  forces	  

-‐	  	  	  	  	  	  	  EffecRve	  Field	  Theories	  (EFT)	  in	  Chromodynamics	  

	  
	  
	  	  	  	  	  	  	  	  	  with	  	  s*ff,	  	  middle	  	  and	  	  so2	  	  bands	  depending	  on	  cS	  

K.	  Hebeler	  et	  al.,	  Astrophys.	  J.	  773	  (2013)	  11	  
[arXiv:1303.4662	  [astro-‐ph.SR]]	  

1110.0669	  	  
(poten3al	  models)	  

19	  

A.	  Astashenok,	  S.	  Odintsov,	  AdlCD,	  	  	  
arXiv:1704.08311	  [gr-‐qc],	  Class.Quant.Grav.	  34	  (2017)	  no.20,	  205008	  	  	  
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1806.11581	  LIGO	  –Virgo	  	  

GW170817: Measurements of neutron star radii and equation of state


Use of  constraints for NS components of  GW170817 tidal deformabilities  Λ1, Λ2 
 
EoS p(ρ) constraints become possible having assumed a EoS parameterisation and a 1.97MSun lower mass limit 

Insensi3ve	  EoS	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Parameterised	  EoS	  	  

 A. de la Cruz-Dombriz 

ü  Not	   large	   raddii	   and	   that	   so\	   EoS	   such	   as	   APR4	   are	  
favoured	  voer	  	  sRff	  	  ones	  such	  as	  H4	  or	  MS1	  

	  
ü  Imposing	   a	   common	   EoS	   for	   the	   BNS	   components	  

leads	  to	  a	  reduc3on	  of	  the	  90%	  credible	  interval	  width	  
for	  the	  radius	  measurement	  of	  almost	  a	  factor	  of	  two.	  
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 A. de la Cruz-Dombriz     

 f(R) procedure: solving the field equations (I of II)

Unlike	  earlier	  studies,	  e.g.,	  Astashenok	  et	  al.,	  1309.1978	  we	  do	  not	  rely	  on	  perturba3on	  theory	  
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 f(R) procedure: solving the field equations (I of II)

Ø  Other	  approaches	  include:	  	  	  	  	  	  	  	  	  	  	  Scalar-‐tensor	  picture,	  	  	  	  Capoziello	  et	  al.,	  PLB	  742	  (2015)	  160	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Yazadjiev	  et	  al.,	  JCAP	  1406	  003	  (2014)	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Full	  resoluRon,	  Ganguly	  et	  al.,	  PRD	  89	  064019	  (2014)	  	  

	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Capozziello	  et	  al.,	  arXiv:1509.04163	  [gr-‐qc].	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   	   	   	   	   	   	   	  	  	  	  	  	  	  …but	   	  	  a)	  	  assuming	  Schwarzschild	  as	  pure	  exterior	  solu3on	  	  

	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  b)	  	  Labelling	  the	  star	  mass	  as	  in	  GR	  	  

Unlike	  earlier	  studies,	  e.g.,	  Astashenok	  et	  al.,	  1309.1978	  we	  do	  not	  rely	  on	  perturba3on	  theory	  
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 f(R) procedure: solving the field equations (I of II)

ü  Method	  here	  
	  	  	  	  	  	  (non-‐perturba3ve)	  

-‐	  	  	  	  	  Non-‐linear	  coupled	  ODE	  system	  solved	  by	  Runge-‐Kuta	  
-‐  Ini3al	  condi3ons	  to	  obtain	  regularity,	  finite	  pressure,	  matching	  at	  the	  radius	  
-‐  No	  assump3on	  on	  Schwarzschild	  at	  the	  star’s	  radius	  

Ø  Other	  approaches	  include:	  	  	  	  	  	  	  	  	  	  	  Scalar-‐tensor	  picture,	  	  	  	  Capoziello	  et	  al.,	  PLB	  742	  (2015)	  160	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Yazadjiev	  et	  al.,	  JCAP	  1406	  003	  (2014)	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Full	  resoluRon,	  Ganguly	  et	  al.,	  PRD	  89	  064019	  (2014)	  	  

	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Capozziello	  et	  al.,	  arXiv:1509.04163	  [gr-‐qc].	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   	   	   	   	   	   	   	  	  	  	  	  	  	  …but	   	  	  a)	  	  assuming	  Schwarzschild	  as	  pure	  exterior	  solu3on	  	  

	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  b)	  	  Labelling	  the	  star	  mass	  as	  in	  GR	  	  

Unlike	  earlier	  studies,	  e.g.,	  Astashenok	  et	  al.,	  1309.1978	  we	  do	  not	  rely	  on	  perturba3on	  theory	  
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 f(R) procedure: solving the field equations (II of II)

ü  	  Stability	  condiRons	  for	  f(R):	  oscilla3ons	  around	  GR	  remain	  finite	  

ü  	  Boundary	  condiRons	   (for	  larger	  radii,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  

Minkowski	  space3me	  asympto3cally	  required	  	  

ü  	  Free	  iniRal	  condiRons	  

It	  remains	  two	  ini3al	  condi3ons	  

Family	  of	  stars	  

ShooRng	  method	  

26	  
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ü  	  Newtonian	  gravity	  
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Gravitational 
mass 
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R2 model: Mass-Radius diagrams

 A. de la Cruz-Dombriz     

Sost   Middle   Stiff  

M.	  Aparicio,	  AdlCD,	  F.	  Llanes-‐Estrada,	  V.	  Zapatero	  
	  arXiv:1602.03880	  [gr-‐qc],	  Phys.Dark	  Univ.	  13	  (2016)	  147-‐161	  

33	  



R2 model: Mass-Radius diagrams

 A. de la Cruz-Dombriz     

Sost   Middle   Stiff  

M.	  Aparicio,	  AdlCD,	  F.	  Llanes-‐Estrada,	  V.	  Zapatero	  
	  arXiv:1602.03880	  [gr-‐qc],	  Phys.Dark	  Univ.	  13	  (2016)	  147-‐161	  

ü  For each radius masses larger than the GR counterparts 

ü  M(r) increases with the radial coordinate till reaching the limiting value Mf(R)  
 
ü  For a given mass, the radii are significantly smaller than in GR. Much of  the mass seen from 

the observer is external field, as given by the Ricci scalar damped oscillations outside the star 
 
ü   Finding two-solar (or heavier) masses stars does not constrain this class of  models!! 
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M.	  Aparicio,	  AdlCD,	  F.	  Llanes-‐Estrada,	  V.	  Zapatero	  
	  arXiv:1602.03880	  [gr-‐qc],	  Phys.Dark	  Univ.	  13	  (2016)	  147-‐161	  

Hu-Sawicki model

W.	  Hu	  and	  I.	  Sawicki,	  PRD	  76,	  064004	  (2007)	  
[arXiv:0705.1158	  [astro-‐ph]].	  
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M.	  Aparicio,	  AdlCD,	  F.	  Llanes-‐Estrada,	  V.	  Zapatero	  
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Schwarzschild	  de-‐Siter	  solu3ons	  
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Hu-Sawicki model: Mass-Radius diagrams

ü  As in R2 model, the maximum achievable mass is not 
monotonic with the sound speed (EoS stiffness) 

ü  f(R) contribution in this case increases the maximum star 
masses and reduces the radii 

ü  No Birkhoff  theorem in f(R ) theories [to complement 
Clifton 20 

    

Why	  such	  differences?	  
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Gravitational waves in f(R) theories?
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[in	  contrast	  with	  GR	  mergers	  of	  two	  NS,	  which	  can	  only	  emit	  a	  frac3on	  in	  form	  of	  gravita3onal	  waves]	  

	  

Large	  amount	  of	  energy	  stored	  in	  the	  distorted	  
external	  space3me	  during	  a	  merger	  of	  two	  NS,	  

large	  amount	  of	  energy	  
expected	  to	  be	  released	  
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The	   Lorentz	   symmetry	   of	   the	   asympto3c	   space3me	   [Minkowski]	   ensures	   energy	  
conserva3on	  between	  the	  ini3al	  and	  final	  states	  
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II.  G-evolution beyond General Relativity 

    

III.  Neutron stars and gravitational waves 
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Outline



•  TOV-like dynamical system in f(R) theories with use of realistic neutron fluid EoS 
 

•  Physical mass assigned to each solution. Oscillations of the curvature scalar are damp 
enough to start retrieving Schwarzschild solution 

•  Apparent masses larger than in GR and usually above observational values. R2 and Hu-
Sawicki models 

•  Energy available for gravitational-wave emission as well as the total mass can well 
exceed what is assumed in Einsteinian gravity. LIGO claims can be weakened  

      Viable f(R) theories may accommodate a 3-4MSun emission in the BNS merger  
 
•  Dynamical strong-field gravity has little direct observational confirmation to date. Further 

insight may come from 
         -  Ground-based detectors, pulsar timing, the Event Horizon Telescope, 

  -  CMB  polarization, surveys of the transient sky, SKA,  
  -  … 

       
 

  

Conclusions and Prospects
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