
Gravitational waves beyond general 
relativity and the standard model

Ulrich Sperhake

DAMTP, University of Cambridge 

KDK@65, Kostas Fest 
 Syros, 2 Sep 2024

1

M Agathos, C Moore, T Evstafyeva, D Gerosa, 
C Ott, I Romero-Shaw, R Rosca-Mead



Live Score

W modes

Teddy bears, Koalas etc

Middle aged men and Mercedes

Romantics

Inappropriate advances

Moustache ✓



A tale of three eras
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 Then: 2001/02,                       Now: 2024
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In the beginning there was a network
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2nd order perts. of collapsing NSs

🤯            Wouldn’t it be easier to do NR?  🤔



Inspired by Kostas 1

 Scalar field for non-rotating and rotating NSs   1309.0605



Inspired by Kostas 2

 Tidal deformability of fermionic and bosonic dark stars  1704.07286



Inspired by Kostas 3



Inspired by Kostas 4

What’s wrong about middle aged 

men and Mercedes Sports Cars ?     

Spring 2003    Sep 2005    



Live Score

W modes

Teddy bears, Koalas etc ✓

Middle aged men and Mercedes ✓

Romantics ?

Inappropriate advances

Moustache ✓



Part 1

 Core Collapse in ST theory

US, Moore, Rosca-Mead, Agathos, Gerosa, Ott   1708.03651,

  Rosca-Mead, US, C Moore, M Agathos, D Gerosa, C Ott   2005.09728


cf also   1903.09704, 2007.14429, 2302.04495



Do we need a theory beyond GR?
 When asked what he would do if Eddington’s mission failed…

  Renormalization: Requires, e.g., higher curvature terms. 

           GR is low-energy limit of more fundamental theory 

  Dark energy: Why is     so small and why 

  Dark matter: “Neptun” or “Vulcan” ?

!

⇤ ⇢dark ⇠ ⇢mat

 But we have reasons to search for “beyond GR” 



Scalar tensor theory of gravity
   Scalars appear naturally in extra-dimensional theories 

   Scalars prominent in cosmology 

   ST theory well-posed; fairly well understood mathematically 

   No-hair theorems limit potential of black-hole spacetimes 

   Matter: Neutron stars, core-collapse 

   Best example of smoking gun to date:   

    Spontaneous scalarization   Damour & Esposito-Farese PRL 1993


   Collapse studies in massless case  

      Novak PRD 1998/1999

      Novak & Ibanez ApJ 2000,

      Gerosa+ CQG 2016



Core-collapse scenario to 0th order
   Massive stars: 

   Core compressed from                    to                 

                                                            to 

   Released gravitational energy: 

                   in neutrinos,                    in outgoing shock, explosion 

   Explosion mechanism: still uncertainties… 

   Failed explosions lead to BH formation 

   “Collapsar”: possible engine for long-soft GRBs 

   Star’s life handled for us by  Woosley & Heger Phys.Rept. 2007  

          Initial pre-collapse profile 

MZAMS = 8 . . . 100 M�

⇠ 1 500 km ⇠ 15 km

⇠ 1010 g/cm3 & 1015 g/cm3

O(1053) erg

⇠ 99 % ⇠ 1051 erg

!



Theoretical framework

   Action 

  

   Energy momentum tensor: 

Einstein frame: conformal metric

   Spherical symmetry: 

   Equations (gravity): 

   Equations (matter):                                           HRSC 
                                    GR1D code    O’Connor & Ott CQG 2009

ḡµ⌫ = F (') gµ⌫

S =
1

16⇡

Z
dx4p�ḡ [R̄� 2ḡµ⌫@µ'@⌫'� 4V (')] + Sm[ m, ḡµ⌫/F (')]

T↵� = ⇢hu↵u� + Pg↵�

ds̄2 = ḡµ⌫dx
µdx⌫ = �F↵2dt2 + FX2dr2 + r2d⌦2

u↵ =
1p

1� v2
[↵�1, vX�1, 0, 0]

@r↵ = . . . , @rX = . . .

@t@t' = . . .

(⇢, h, v) $ (D, Sr, ⌧) )



Equation of state
   Pressure: “cold” + “thermal” contribution: 

   Hybrid EOS for cold part: 

   Internal energy from 1st law: 

   Thermal pressure: 

   Parameters: 

                                         from continuity at

P = Pc + Pth

Pc =

(
K1⇢�1 if ⇢  ⇢nuc
K2⇢�2 if ⇢ > ⇢nuc

✏c =

8
<

:

K1
�1�1⇢

�1�1 if ⇢  ⇢nuc

K2
�2�1⇢

�2�1 + E3 if ⇢ > ⇢nuc

�1 = 1.3 , �2 = 2.5 , �th = 1.35

K1 = 4.9345⇥ 1014 [cgs] , ⇢nuc = 2⇥ 1014 g cm�3

K2 , E3 ⇢ = ⇢nuc

<latexit sha1_base64="5wZqieIWxxkImOHFmSBPxSRr83c=">AAACIHicbZDLSgMxFIYz9VbrrerSTbAI7aJlRpSKIBRc6LKCvUCnDJk0bUNzGZKMUIY+ihtfxY0LRXSnT2N6UbT1h8DHf87h5PxhxKg2rvvhpJaWV1bX0uuZjc2t7Z3s7l5dy1hhUsOSSdUMkSaMClIz1DDSjBRBPGSkEQ4ux/XGHVGaSnFrhhFpc9QTtEsxMtYKsuVqkPiKQ9MfXeT9K8Q5+jGKXsFXfZn3SaQpk6L4DQEuBNmcW3IngovgzSAHZqoG2Xe/I3HMiTCYIa1bnhuZdoKUoZiRUcaPNYkQHqAeaVkUiBPdTiYHjuCRdTqwK5V9wsCJ+3siQVzrIQ9tJ0emr+drY/O/Wis23bN2QkUUGyLwdFE3ZtBIOE4Ldqgi2LChBYQVtX+FuI8UwsZmmrEhePMnL0L9uOSdltybk1zlfBZHGhyAQ5AHHiiDCrgGVVADGNyDR/AMXpwH58l5dd6mrSlnNrMP/sj5/AIp76L1</latexit>

Pth = (�th � 1)⇢(✏� ✏c)



The coupling function and potential
   Coupling function, potential:    F (') = e�2↵0'��0'

2 V (') = 1
2µ

2'2

°6 °4 °2 0 2 4 6
Ø0

10°4

10°3

10°2
Æ

0

PSRJ0348+0432

PSR J1738+0333

Cassini

Runs

   Free parameters:                                  + progenitor        µ, ↵0, �0, �1, �2, �th

   Only for                     !!   Here:                                  

     Ramazanoglu & Pretorius PRD 2016       

µ . 10�19 eV µ[eV] 2 [10�15, 10�12]

<latexit sha1_base64="Bi83LriQ/FEALCM5Bv3GVsdtiMQ=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkoiiuKq4sZNoaJ9YBPCZDpph04mYWYixND+ihsXirj1Q9z5N07bLLT1wIXDOfdy7z1+zKhUlvVtFJaWV1bXiuuljc2t7R1zd68lo0Rg0sQRi0THR5IwyklTUcVIJxYEhT4jbX94PfHbj0RIGvF7lcbEDVGf04BipLTkmeW6lzkihA9X9bvR8dh5Igp5ZsWqWlPARWLnpAJyNDzzy+lFOAkJV5ghKbu2FSs3Q0JRzMio5CSSxAgPUZ90NeUoJNLNpseP4KFWejCIhC6u4FT9PZGhUMo09HVniNRAznsT8T+vm6jgws0ojxNFOJ4tChIGVQQnScAeFQQrlmqCsKD6VogHSCCsdF4lHYI9//IiaZ1U7bOqdXtaqV3mcRTBPjgAR8AG56AGbkADNAEGKXgGr+DNGBsvxrvxMWstGPlMGfyB8fkDCByUWQ==</latexit>

MZAMS, ⇣



Spontaneous scalarization
   Phase transition in the solution space as we vary 

    Damour & Esposito-Farese PRL 1993     

<latexit sha1_base64="5kh31hoIlTeCMYQEkyB1unuO0Is=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSiKJ4KXjxWsB/QhrLZTtqlm03YnQil9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSqFIc/7dgpr6xubW8Xt0s7u3v5B+fCoaZJMc2zwRCa6HTKDUihskCCJ7VQji0OJrXB0N/NbT6iNSNQjjVMMYjZQIhKckZVa3RCJ9bxeueJVvTncVeLnpAI56r3yV7ef8CxGRVwyYzq+l1IwYZoElzgtdTODKeMjNsCOpYrFaILJ/Nype2aVvhsl2pYid67+npiw2JhxHNrOmNHQLHsz8T+vk1F0E0yESjNCxReLoky6lLiz392+0MhJji1hXAt7q8uHTDNONqGSDcFffnmVNC+q/lXVe7is1G7zOIpwAqdwDj5cQw3uoQ4N4DCCZ3iFNyd1Xpx352PRWnDymWP4A+fzB+m0j0M=</latexit>

�0

                           New families of solutions   
<latexit sha1_base64="ruwZnjQ6vVgnvG6iu6vK6oKGWeA=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSDYGHY1QbEK2FhGMQ/ILmF2cpMMmX0wc1cJIelt/BUbC0Vs/QA7/8bJo9DEAwOHc87lzj1+LIVG2/62UkvLK6tr6fXMxubW9k52d6+qo0RxqPBIRqruMw1ShFBBgRLqsQIW+BJqfu9q7NfuQWkRhXfYj8ELWCcUbcEZGqmZzbk+IGva1JWgtRYBPSnkz4qjkXsrOl1kSkUPJmXn7QnoInFmJEdmKDezX24r4kkAIXLJtG44dozegCkUXMIw4yYaYsZ7rAMNQ0MWgPYGk2OG9MgoLdqOlHkh0on6e2LAAq37gW+SAcOunvfG4n9eI8H2hTcQYZwghHy6qJ1IihEdN0NbQgFH2TeEcSXMXynvMsU4mv4ypgRn/uRFUj3NO8W8fVPIlS5ndaTJATkkx8Qh56RErkmZVAgnj+SZvJI368l6sd6tj2k0Zc1m9skfWJ8/f3WaoA==</latexit>

�0 . �4.35 )

   Lots of substructure    Rosca-Mead+  Symmetry 2020 

   Scalarized stars often energetically favored!     

<latexit sha1_base64="WWhL2Vpq+RkQ3H1nSQnTuYt04U8=">AAAB8nicbVBNSwMxEM36WetX1aOXYBG8WLJFUQSh4MVjBfsB26Vk02wbmk2WZFYopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMi1IpLBDy7a2srq1vbBa2its7u3v7pYPDptWZYbzBtNSmHVHLpVC8AQIkb6eG0ySSvBUN76Z+64kbK7R6hFHKw4T2lYgFo+CkoBNxoF1ye14l3VKZVMgMeJn4OSmjHPVu6avT0yxLuAImqbWBT1IIx9SAYJJPip3M8pSyIe3zwFFFE27D8ezkCT51Sg/H2rhSgGfq74kxTawdJZHrTCgM7KI3Ff/zggzi63AsVJoBV2y+KM4kBo2n/+OeMJyBHDlCmRHuVswG1FAGLqWiC8FffHmZNKsV/7JCHi7KtZs8jgI6RifoDPnoCtXQPaqjBmJIo2f0it488F68d+9j3rri5TNH6A+8zx++LZA3</latexit>

�0 = �20

<latexit sha1_base64="dH+Cli8a5Lws5u/P1rNoOkhBDMU=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgxpJIRRGEghuXFewDmlgm05t26EwSZiZCCRF/xY0LRdz6He78G6ePhbYeuHA4517uvSdIOFPacb6thcWl5ZXVwlpxfWNza9ve2W2oOJUU6jTmsWwFRAFnEdQ10xxaiQQiAg7NYHA98psPIBWLozs9TMAXpBexkFGijdSx9z2RXrnOfXbiVvLHzJMCQyPv2CWn7IyB54k7JSU0Ra1jf3ndmKYCIk05UartOon2MyI1oxzyopcqSAgdkB60DY2IAOVn4/NzfGSULg5jaSrSeKz+nsiIUGooAtMpiO6rWW8k/ue1Ux1e+BmLklRDRCeLwpRjHeNRFrjLJFDNh4YQKpm5FdM+kYRqk1jRhODOvjxPGqdl96zs3FZK1ctpHAV0gA7RMXLROaqiG1RDdURRhp7RK3qznqwX6936mLQuWNOZPfQH1ucP52iUyQ==</latexit>

µ = 10�14 eV



Time evolutions cooking book recipe
    Choose your Woosley-Heger progenitor     


    Specify parameters 

    Specify the grid 

    Run (may need checkpointing, but no Parallelization) 

    Extract GW signals at                    light second 

    Propagate signal to astrophysical distances; 

     easy if          ,  not easy if   

<latexit sha1_base64="Bi83LriQ/FEALCM5Bv3GVsdtiMQ=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkoiiuKq4sZNoaJ9YBPCZDpph04mYWYixND+ihsXirj1Q9z5N07bLLT1wIXDOfdy7z1+zKhUlvVtFJaWV1bXiuuljc2t7R1zd68lo0Rg0sQRi0THR5IwyklTUcVIJxYEhT4jbX94PfHbj0RIGvF7lcbEDVGf04BipLTkmeW6lzkihA9X9bvR8dh5Igp5ZsWqWlPARWLnpAJyNDzzy+lFOAkJV5ghKbu2FSs3Q0JRzMio5CSSxAgPUZ90NeUoJNLNpseP4KFWejCIhC6u4FT9PZGhUMo09HVniNRAznsT8T+vm6jgws0ojxNFOJ4tChIGVQQnScAeFQQrlmqCsKD6VogHSCCsdF4lHYI9//IiaZ1U7bOqdXtaqV3mcRTBPjgAR8AG56AGbkADNAEGKXgGr+DNGBsvxrvxMWstGPlMGfyB8fkDCByUWQ==</latexit>

MZAMS, ⇣

µ, ↵0, �0, �1, �2, �th

<latexit sha1_base64="r248RmLO90YySE9qrlFJcDQSl6Q=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyURRXFVcOPOKvYBTQiT6aQdOpOEmYlYQlZu/BU3LhRx6ze482+ctFlo64ELh3Pu5d57/JhRqSzr2ygtLC4tr5RXK2vrG5tb5vZOW0aJwKSFIxaJro8kYTQkLUUVI91YEMR9Rjr+6DL3O/dESBqFd2ocE5ejQUgDipHSkmfu33qpIzgkD5kjKYcOR2qIEUuvs5p95JlVq25NAOeJXZAqKND0zC+nH+GEk1BhhqTs2Vas3BQJRTEjWcVJJIkRHqEB6WkaIk6km07eyOChVvowiISuUMGJ+nsiRVzKMfd1Z36lnPVy8T+vl6jg3E1pGCeKhHi6KEgYVBHMM4F9KghWbKwJwoLqWyEeIoGw0slVdAj27MvzpH1ct0/r1s1JtXFRxFEGe+AA1IANzkADXIEmaAEMHsEzeAVvxpPxYrwbH9PWklHM7II/MD5/AHNSmG4=</latexit>

Rex ⇠ O(1)

<latexit sha1_base64="PwNNZB1rzhAcBCDx/lshNMKB7iY=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoghCwYvHCq4ttEvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZF6WCG4vxt1daWV1b3yhvVra2d3b3qvsHjybJNGUBTUSi2xExTHDFAsutYO1UMyIjwVrR6Hbqt56YNjxRD3acslCSgeIxp8Q6KejK7Ab3qjVcxzOgZeIXpAYFmr3qV7ef0EwyZakgxnR8nNowJ9pyKtik0s0MSwkdkQHrOKqIZCbMZ8dO0IlT+ihOtCtl0Uz9PZETacxYRq5TEjs0i95U/M/rZDa+CnOu0swyReeL4kwgm6Dp56jPNaNWjB0hVHN3K6JDogm1Lp+KC8FffHmZPJ7V/Ys6vj+vNa6LOMpwBMdwCj5cQgPuoAkBUODwDK/w5invxXv3PuatJa+YOYQ/8D5/AE4WjlM=</latexit>

µ = 0
<latexit sha1_base64="8eWP9gtTWctsSioM2ssficGGLCU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUawCNpYRTIzkjrC3mSRLdveO3T0hhPwKGwtFbP05dv4bN8kVmvhg4PHeDDPz4lRwY33/2yusrK6tbxQ3S1vbO7t75f2DpkkyzbDBEpHoVkwNCq6wYbkV2Eo1UhkLfIiHN1P/4Qm14Ym6t6MUI0n7ivc4o9ZJj6HMSKiQ+J1yxa/6M5BlEuSkAjnqnfJX2E1YJlFZJqgx7cBPbTSm2nImcFIKM4MpZUPax7ajiko00Xh28IScOKVLeol2pSyZqb8nxlQaM5Kx65TUDsyiNxX/89qZ7V1FY67SzKJi80W9TBCbkOn3pMs1MitGjlCmubuVsAHVlFmXUcmFECy+vEyaZ9XgourfnVdq13kcRTiCYziFAC6hBrdQhwYwkPAMr/Dmae/Fe/c+5q0FL585hD/wPn8AurePrQ==</latexit>

µ 6= 0



Core collapse in massless ST theory
   Here:     

Gerosa, US, Ott CQG 2016       

<latexit sha1_base64="2wrY/3cDKT1/p00kdrQQsn2cGyI=">AAACDXicbVDLSgMxFM3UV62vUZduglWom5IRRREKBTcuq9gHdIaSSTOd0MyDJFMpQ/sBbvwVNy4UcevenX9j2s5CWw9cODnnXnLvcWPOpELo28gtLa+sruXXCxubW9s75u5eQ0aJILROIh6Jlosl5SykdcUUp61YUBy4nDbd/vXEbw6okCwK79Uwpk6AeyHzGMFKSx3zyA6SChqPx/Yd6/kKCxE96FejZA+wiH12AisQdcwiKqMp4CKxMlIEGWod88vuRiQJaKgIx1K2LRQrJ8VCMcLpqGAnksaY9HGPtjUNcUClk06vGcFjrXShFwldoYJT9fdEigMph4GrOwOsfDnvTcT/vHaivEsnZWGcKBqS2UdewqGK4CQa2GWCEsWHmmAimN4VEh8LTJQOsKBDsOZPXiSN07J1Xka3Z8XqVRZHHhyAQ1ACFrgAVXADaqAOCHgEz+AVvBlPxovxbnzMWnNGNrMP/sD4/AH3GZtt</latexit>

µ = 0 ) V (') = 0
<latexit sha1_base64="njckaGQlAFY9ze3Sx1CfXIwvNe8=">AAACDHicbVDLSsNAFJ34rPVVdekmWAQXbZhoiyIIBTcuK9gHNLFMppN26GQSZiZCCe3ejb/ixoUibv0Ad/6NkzYLbT0wcDjnXO7c40WMSgXht7G0vLK6tp7byG9ube/sFvb2mzKMBSYNHLJQtD0kCaOcNBRVjLQjQVDgMdLyhtep33ogQtKQ36lRRNwA9Tn1KUZKS91C0UEsGqAuvLLhfVKujJ1SaTKZOB5RqViuWGdVnYIWnMJcJHZGiiBDvVv4cnohjgPCFWZIyo4NI+UmSCiKGRnnnViSCOEh6pOOphwFRLrJ9JixeayVnumHQj+uzKn6eyJBgZSjwNPJAKmBnPdS8T+vEyv/wk0oj2JFOJ4t8mNmqtBMmzF7VBCs2EgThAXVfzXxAAmEle4vr0uw509eJM1Ty65a8LZSrF1mdeTAITgCJ8AG56AGbkAdNAAGj+AZvII348l4Md6Nj1l0ychmDsAfGJ8/UcGZNA==</latexit>

↵0 = 10�4 , �0 = �4.35

   Weak signals  (    constraints!), Heaviside like    
<latexit sha1_base64="5kh31hoIlTeCMYQEkyB1unuO0Is=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSiKJ4KXjxWsB/QhrLZTtqlm03YnQil9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSqFIc/7dgpr6xubW8Xt0s7u3v5B+fCoaZJMc2zwRCa6HTKDUihskCCJ7VQji0OJrXB0N/NbT6iNSNQjjVMMYjZQIhKckZVa3RCJ9bxeueJVvTncVeLnpAI56r3yV7ef8CxGRVwyYzq+l1IwYZoElzgtdTODKeMjNsCOpYrFaILJ/Nype2aVvhsl2pYid67+npiw2JhxHNrOmNHQLHsz8T+vk1F0E0yESjNCxReLoky6lLiz392+0MhJji1hXAt7q8uHTDNONqGSDcFffnmVNC+q/lXVe7is1G7zOIpwAqdwDj5cQw3uoQ4N4DCCZ3iFNyd1Xpx352PRWnDymWP4A+fzB+m0j0M=</latexit>

�0



Waveforms ``close to’’ the source
   For 

 

µ = 10�14 eV, ↵0 = 10�2, �0 = �20

�1 = 1.3, �2 = 2.5, �th = 1.35

            massless case; fairly insensitive to parameters; dispersion! r' �
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Waveforms ``far from’’ the source
  LIGO will observe the 

     above scalar profiles 

     after they propagate 

     to large distances 

  In the massless case 

     this is almost trivial 

  In the massive case 

     things are more 

     complicated: signals 

     propagate with 

     dispersion  

'(t; r) =
1

r
'(t� r; rextract)



Waveforms ``far from’’ the source
   Far from the source, scalar dynamics are governed by the 

      flat-space Klein-Gordon wave equation 

   Easier to work with the radially rescaled field 

   As the signal propagates outwards: 
            - Low frequencies are suppressed 
            - High frequency power spectrum is unaffected 
            - Signal spreads out in time 
            - High frequencies arrive earlier than low frequencies 
            - Signal becomes increasingly oscillatory 

@2
t '�r2'+ !2

⇤' = 0

� ⌘ r'

The scalar field 
mass has a natural 
frequency !⇤ = c2µ/~



Waveforms ``far from’’ the source
   Signals become more oscillatory as they propagate outwards 

   In the large-distance limit the stationary phase approximation 

      applies         analytic expression for the time domain signal 

   Signals have a characteristic “inverse chirp” lasting many years 

   Strain

!

SPA frequency as 

function of time 

(Inverse Chirp) 

Distance to source

F (t) =
!⇤
2⇡

1p
1� (d/t)2

d = 10 kpc

<latexit sha1_base64="k1wyGOnkH5842rLzyRgxvUESqds=">AAACEXicbZDLSgMxFIYzXmu9jbp0EyxCF23JFEURhIIblwr2Ap2xZNLTGkxmhiQjlKE+ghtfxY0LRdy6c+fbmNYutPWHwMd/zuHk/GEiuDaEfDlz8wuLS8u5lfzq2vrGpru13dBxqhjUWSxi1QqpBsEjqBtuBLQSBVSGAprh7dmo3rwDpXkcXZlBAoGk/Yj3OKPGWh236IdgaIfgU1yuktL9vS9Tyx65zsrewdAvZb6SGBrDjlsgFTIWngVvAgU00UXH/fS7MUslRIYJqnXbI4kJMqoMZwKGeT/VkFB2S/vQthhRCTrIxhcN8b51urgXK/sig8fu74mMSq0HMrSdkpobPV0bmf/V2qnpHQcZj5LUQMR+FvVSgU2MR/HgLlfAjBhYoExx+1fMbqiizNgQ8zYEb/rkWWhUK95hhVweFGonkzhyaBftoSLy0BGqoXN0geqIoQf0hF7Qq/PoPDtvzvtP65wzmdlBf+R8fAPp9ZqM</latexit>

�0 = �20, µ = 10�14 eV
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Detection with LIGO-Virgo

   Burst signals: For light scalars                       and short 

      distances            , the pulse does not disperse significantly; 

      will look like a          burst   

   Continuous wave signal: for heavier scalars, long dispersion 

      turns pulse into a quasi-monochromatic signal 

          capture using standard directed CW searches, 

          assuming EM counterpart; e.g. SN1987A, Kepler1604 

   Stochastic background: 
      - Many quiet sources     very long duration  (superposed) 

      - Cosmological redshift     mass variation      smeared low-  cutoff 

         around 

         Rosca-Mead, Agathos, Moore & US PRD 2023

GWs from core-collapse in ST gravity may fall into 3 classes:

(µ < 10�20 eV)

(10 kpc)
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Conclusions
   Spontaneous scalarization occurs as in massless case, but 

     effect can be more dramatic because the scalar mass “screens” 

     the effect of the scalar, allowing larger values of            to be 

     compatible with binary pulsar observations 

   Signals propagate with dispersion, signals can last for years to 

     centuries at         distances 

   Signals can show up in LIGO/Virgo burst, CW or stochastic searches  

↵0, �0

kpc



Part 2

 GWs from Boson-star binaries

T Evstafyeva, US, I Romero-Shaw, M Agathos   2406.02715,

cf also   2108.11995, 2212.08023



Motivation

 Test nature of compact objects: BHs, NSs, ECOs? 

   Dark-matter candidates: Ultralight, axion-like fields 

   Bosonic fields can form equilibrium configurations: 

     Boson stars   Kaup 1968


   Properties:   Compactness 0 to > NSs,   any Mass 

   Use BSs as proxy for not BHs in GR



Questions and work plan
 Can we observe boson stars with LIGO-Virgo-KAGRA? 

   If yes, what does PE with current approximants yield? 

   Can we simulate BS binaries with sufficient accuracy?

 Perform high-precision NR simulations of BSs 

   Inject resulting waveforms into LIGO detector noise 

   Recover signals and parameters with Binary BH/NS approximants 

   Test residuals



Theory and Numerical Modelling
 Massive complex scalar field + GR 

             

        Einstein-Klein-Gordon equations  

   Space-time (3+1) formulation: CCZ4 

     Alic et al 2012 

   Use two numerical relativity codes 

      GRChombo Radia et al 2021 

      Lean US 2006


   Technical details: 

      ,   domain size ,   8 refinement levels

S = ∫
−2
2 { R

8πG
− [gμν ∇μφ̄ ∇νφ + V(φ)]} d4x

⇒

dx =
1
48

…
1
32

∼ 1024



BS binaries
We simulate 5 BS binaries through inspiral, merger and ringdown. 

Characterized by

 Quasi-circular, non-spinning, equal-mass:    

   Number of orbits  

   Compactness    or   

   Scalar dephasing   

   BS-BS or BS-anti BS binary? 

   Total mass: Any by trivial rescaling of the scalar mass

e ≈ 0, S1,2 = 0, q = 1

N

0.1 0.2

δϕ ∈ [0,π]



BS binaries
 Phase error   

   Amplitude error  

≈ 0.1 … 0.2

≲ 3 %



Waveform approximants
 Parameter estimation performed with Bilby   Ashton et al 2019 

   IMRPhenomXP: Frequency domain   Pratton et al 2021 

 IMRPhenomPv2_NRTidal:  Frequency domain  Dietrich et al 2017, 2019 

 

 

 We have tested more with similar results.

 Quasi-circular, spin-precessing black-hole binaries 

 Quadrupole modes

 Quasi-circular, spin-precessing neutron-star binaries 

 Tidal deformability parameters  ΛA,B



Injections and parameter estimation
 Inject BS signals with specified parameters: 

    Fixed: sky location, incliation, initial phase, time etc 

    Variable: total mass, luminosity distance 

  2 Approaches:   (1) Allow spins to vary in the analysis 

                           (2) Spins fixed to zero throughout analysis 

  Main diagnostics:

 Recovered masses, spins 

 Recovered SNR, Log Bayes factor 

 Test residual for Gaussianity



Results using IMRPhenomXP
 Injections often recovered but with biased parameters! 

 Example  A17-d15  with   in the analysis 

 

 

 
 
 

  Recovered:   

                       

    Recovered SNR    injected SNR 

     

  Parameter bias not random!

Mtot = 77 M⊙, dL = 200 Mpc

M1 = 37.8 ± 1.1 M⊙, M2 = 25.4 ± 1.2 M⊙, dL = 236 ± 20 Mpc,

a1 ≈ 0.95, a2 ≈ 0.15

≈

log ℬS
N = 5392



Results using IMRPhenomXP
   Fixing spins to zero: 

 Variable spins: 

 

 poor    for standard BBS 

 decent    for anti-phase BBS

m1, m2

m1, m2

 decent   and anti-aligned spins for standard BBS 

 poor   and aligned spins for anti-phase BBS

m1, m2

m1, m2



Results using IMRPhenomXP
  Paramerer estimation always erratic for fluffy BBS 

  BBH approximants recover parameters best for anti-BS !! 

    Corner plot: 

    A17-d12-e1 vs. A17-d12 

  These features can be 

    explained with the 

    chirp strength 

 



Conclusions
   NR simulations of BS binaries about as accurate as for BHs 

   BS binaries recovered well with BH approximants    degeneracy 

   But systematic bias in parameter estimation 

→
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