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Motivation
Flood of  data coming from a web of  current GW/EM detectors (LVK, EHT, 
PTAs, NICER) and of  future GW/EM facilities (LISA, Athena, ET, CE, PTAs)

Can we use them to search for new physics?

Observations put at test the nature of  black holes and neutron stars

key points

science case

observables and methodology

scalar fields and black holes

Light scalars ubiquitous in extensions of  GR or the SM

new physics              new fundamental fields

New theories predict structure and evolution of  COs

Gravitational waves from asymmetric binaries



Why Asymmetric Binaries? 

LVK, GWTC 3 2111.03605

90+ events observed so far from LVK, spanning a relatively small interval of  
mass ratios 

3G detectors are expected to beat down such 
value by several orders of  magnitudes

Discovery potential

Slow inspiral phase which could allow to continuously observe AB for very long periods, from 
months to years 

dynamical evolutions with an uncommon richness, with resonances, large eccentricities and 
off-equatorial orbits, etc.

astro-fundamental physics setups
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q ⇠ 10�6 � 10�7

dynamics dictated by q, with the duration of  
the inspiral & number of  cycles growing as q 
decreases 
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EMRIs in nuce 
Binary systems with a stellar-mass body inspiralling into a massive BH 

Primary with
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M ⇠ (104 � 108)M�

Secondary such that the mass ratio

Key point of  theoretical description

Emit GWs in the mHz band, golden 
targets for LISA

T. Baker +, Astro2020 1907.06482 (2019)



Complete                        cycles before the plunge

EMRIs provide a rich phenomenology, due to their orbital features

Berry +, Astro2020 1903.03686 (2019)

Non equatorial orbits

Eccentric motion

Resonances

Precise space-time map and accurate binary parameters 

Very appealing to test fundamental & astro-physics

blessing & disguise

Tracking EMRIs for O(year) requires  
accurate templates

1 2

EMRIs in nuce 



The asymmetric character introduces a natural parameter to study the problem 
in perturbation theory 

EMRIs in GR 
How do we study EMRI in GR?

q = mp /M ≪ 1

Regge-Wheleer-Zerilli  
(Schwarzschild)

Teukolsky 
(Kerr)

leading

adiabatic

first post-adiabaticadiabatic

ϕ(t) = ϕdiss−1 + …
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g↵� = g(0)↵� + h↵� + . . .

The solution determines the phase evolution 
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D2z↵

d⌧2
= qf↵

1 + q2f↵
2 +O(q3)

Contributions to the orbital trajectory
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g↵� = g↵� + qh↵� + q2h(2)
↵� +O

�
q3
�
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trr = E/Ė ⇠ M/q
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�z↵ ⇠ q2f↵
2 t

2
rr ⇠ q0

Inspiral evolution on radiation-reaction time

cumulative shift 

of  second order SF
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trr

Match filtering require error in phase << 1 radian:
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�(t) =
1

q

⇥
�0(t) + q�1(t) +O(q3)

⇤
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T. Hinderer & E. Flanagan, PRD 78, 064028 (2008)

EMRIs in GR 



The perturbation scheme
For the gravitational sector

For a spherically symmetric background the 2 families decouple

In the Regge - Wheeler - Zerilli gauge the components reduce to 1 axial and 1 polar 
functions

Regge & Wheeler, PRD 108, 1063 (1957) 
Zerilli, PRD 2, 2141 (1970)

7 polar components + 3 axial harmonics



The wave equations
2 master equations for 2 perturbations for Schwarzschild

Regge-Wheeler

Zerilli
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Miraculous decoupling for Kerr
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Teukolsky

Perturbations are needed to compute GW fluxes at infinity and at the horizon

Which drive the orbital evolutions 
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waveform

<latexit sha1_base64="Pd1wiS72Q4pc4DZebGK0VKJ+2N8="></latexit>
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Are EMRI sensitive to new fields? 
Extra polarizations as generic features of  modified theories of  gravity 

Typically, proposed theories feature extra fields or can be reformulated in terms 
of  them 

Compact binaries can probe the existence  
of  such new fields

Comparable mass in the inspiral: dipole 
emission at -1PN

E. Barausse +, PRL 116, 241104 (2016)

Comparable mass in the merger/post-merger
M. Okounkova + PRD 100, 104026 (2019)  

H. Witek +, PRD 99, 064035 (2019) 
E. Maggio +, 2212.09655  

H. Silva + PRD 107,  044030 (2023)

Abbott +, PRL 2112.06861 (2021)

What about very asymmetric binaries like EMRIs?



No hairs and exceptions
Scalar fields in BH spacetime. No hair for asymptotically flat BHs

Minimally coupled; stationary

Self  interacting, scalar tensor theories; stationary

Shift-symmetric; static, slowly rotating solutions (assumption on the current)

However

Perturbations are different

Notable exceptions as superradiance

Loopholes

Relaxing symmetries of  the scalar

E. Barausse & T. Sotiriou, PRL 101, 099001 (2008) 

L. Hui & A. Nicolis, PRL 110, 241104 (2013)

T. Sotiriou & V. Faraoni, PRL 108, 081103 (2012)

S.W. Hawking, Comm. Math. Phys. 25, 152 (1972) 

C. Herdeiro & E. Radu, PRL 112, 221102 (2014) 

T. Sotiriou & Y. Zhou PRL 112, 251102 (2104) 
E. Babichev & C. Charmousis, JHEP 1408, 106 (2014)

R. Brito +, Lect.Notes Phys. 971 (2020)

….



No hairs and exceptions
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Introduces hair to BHs (difficult to constrain with weak field tests)

Linear Gauss-Bonnet coupling P. Kanti +, PRD 54, 5049 (1996)  
T. Sotiriou & Y. Zhou PRL 112, 251102 (2104) 

K. Yagi +, PRD 93, 024010 (2016)

Small coupling expansion of  a more general theory

The BH charge is fixed by regularity conditions at the horizon 
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If       is the only relevant scale for the BH
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In most scalar-tensor theories BHs feature no-hair theorems, same as in GR

For hairy BHs, scalar fields that couple with high-order curvature terms, tend to 
feature dimensionful couplings

GR deviations scale as 

It may be tempting to answer maybe not

Massive, large-snr, binaries look less suited than expected 
for testing GR  

(but superradiance/spin-induced scalarization) 
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R. Brito +, Lect.Notes Phys. 971 (2020) 
A. Dima +, PRL 125, 231101 (2020) 



    has dimensions

The Setup 

Non-minimal 
coupling

Matter fields

Scalar field     non-minimally coupled to the gravity sectors
A.M. +, PRL 125, 14101 (2020)
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[length]n n � 2

in pp units ~ negative mass dimensions
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We assume the primary is a black hole
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The scalar charge is not an independent parameter
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For the secondary, consider the skeletonized approach

Extended body treated as point particle

          scalar function

Eardley, ApJ 196 L59-62 (1975) 
Damour & EF, CGQ 9, 9 (1992)
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The Setup 
Additional shift - symmetric interactions can be added to 
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Perturbations 

contributions to     are suppressed at least by 

any GR deviation is controlled by
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⇣ ⌧ 1
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mn
p

⇠ O(1)

The mass ratio can be used as the sole perturbative parameter

q
n

Solutions to field’s equations are continuously connected to GR as <latexit sha1_base64="o4flxf90zvHewtwC3TaUc7CUCX4=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRLxtSy6cVnBPqAJ5WY6aYZOZsLMRC2hv+LGhSJu/RF3/o3TNgttPXDhcM693HtPmDKqtOt+W6WV1bX1jfJmZWt7Z3fP3q+2lcgkJi0smJDdEBRhlJOWppqRbioJJCEjnXB0M/U7D0QqKvi9HqckSGDIaUQxaCP17aoPLI3Bl3QYa5BSPLp9u+bW3RmcZeIVpIYKNPv2lz8QOEsI15iBUj3PTXWQg9QUMzKp+JkiKeARDEnPUA4JUUE+u33iHBtl4ERCmuLamam/J3JIlBonoelMQMdq0ZuK/3m9TEdXQU55mmnC8XxRlDFHC2cahDOgkmDNxoYAltTc6uAYJGBt4qqYELzFl5dJ+7TuXdTP785qjesijjI6REfoBHnoEjXQLWqiFsLoCT2jV/RmTawX6936mLeWrGLmAP2B9fkDTbqUoA==</latexit>

↵ ! 0

<latexit sha1_base64="NKAikSCJksMIn6I6mGZB2bi4HjY="></latexit>
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Z
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d⌧

Change in the EMRI dynamics universally captured by the scalar charge of  the secondary

Background metric is Kerr

Introduce the dimensionless parameter                           with

First order field’s equations

<latexit sha1_base64="v405IzSpExZtMd0PXawvhR7qJRU="></latexit>

aa(1)scal = �mpd

4
(gab(0) + uaub)rb'

(1)

<latexit sha1_base64="lv5cNOE+xZl9WXUBAcVM5fUmhhA="></latexit>
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�4[xm
p � zµp [⌧ ]]p

�g
uaubd⌧

<latexit sha1_base64="2nn/r6ijRP7y7Sz2g2zrxYxtf34="></latexit>

A = A(0) + qA(1) + q2A(2) +O(q3)
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⇠ m0('0)/m('0)



The GW energy flux
The solution can be used to compute the full scalar first order SF piece

The binary accelerates due to the extra leakage of  energy given by the scalar 
field

<latexit sha1_base64="Pd1wiS72Q4pc4DZebGK0VKJ+2N8="></latexit>

Ė(±)
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X

`m

↵`m
|Z±

`m|2

4⇡!2
m

<latexit sha1_base64="K9fLipIY1mn0H14+3BzYZ/LaYOY="></latexit>

Ė(±)
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16⇡

X

`m

!k±|'(1)±
`m |2
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f↵
1,scal

Overall luminosity contribution

At the adiabatic order

<latexit sha1_base64="UIK/MNw0xW9+/3jQZLFsk8s3DRI=">AAACM3icbZDLSsNAFIYn3q23qks3wSIISknE20YouhFXFWwVmlhOppN26GQSZk7EEvpObnwRF4K4UMSt7+D0oqj1wMA//3cOM+cPEsE1Os6TNTY+MTk1PTObm5tfWFzKL69UdZwqyio0FrG6CkAzwSWrIEfBrhLFIAoEuwzaJz1+ecOU5rG8wE7C/AiakoecAhqrnj8L65nbvfZAJC046l22PWS3KGMVgciaCm66X3hrBGsK4hvX8wWn6PTLHhXuUBTIsMr1/IPXiGkaMYlUgNY110nQz0Ahp4J1c16qWQK0DU1WM1JCxLSf9Xfu2hvGadhhrMyRaPfdnxMZRFp3osB0RoAt/Zf1zP9YLcXw0M+4TFJkkg4eClNhY2z3ArQbXDGKomMEUMXNX23aAgUUTcw5E4L7d+VRUd0puvvFvfPdQul4GMcMWSPrZJO45ICUyCkpkwqh5I48khfyat1bz9ab9T5oHbOGM6vkV1kfn/airPo=</latexit>

f↵
1 = f↵

1,grav + f↵
1,scal

<latexit sha1_base64="euTvIoSvcQqVBEnALHJlRYAxKNM="></latexit>

Ė =
X

i=+,�

h
Ė(i)

grav + Ė(i)
scal

i
= ĖGR + d2�Ė

A. Spiers +, in preparation (2023)



Waveforms
The recipe to generate EMRI waveforms

1.Compute the total energy flux emitted

2.Determine the dynamics

Everything as in GR but        , that only depends on the scalar charge 

Universal family of  waveforms to be tested against GR 

<latexit sha1_base64="9BNRKU9wtoa0VhLjvsyGFDypN38=">AAACIHicbVDLSgMxFM3UV62vqks3g0WoC8uM+NoIRSm4rGAf0JaSyWTaYCYZkjtiGeZT3Pgrblwoojv9GtOHoK0HLhzOuTe593gRZxoc59PKzM0vLC5ll3Mrq2vrG/nNrbqWsSK0RiSXqulhTTkTtAYMOG1GiuLQ47Th3V4O/cYdVZpJcQODiHZC3BMsYASDkbr503agMEl8VYT9NPEhPT9o+xKSSvpjGLXSbQO9ByFViHkilZem3XzBKTkj2LPEnZACmqDazX+Yd0kcUgGEY61brhNBJ8EKGOE0zbVjTSNMbnGPtgwVOKS6k4wOTO09o/h2IJUpAfZI/T2R4FDrQeiZzhBDX097Q/E/rxVDcNZJmIhioIKMPwpiboO0h2nZPlOUAB8YgoliZleb9LEJBkymOROCO33yLKkfltyT0vH1UaF8MYkji3bQLioiF52iMrpCVVRDBD2gJ/SCXq1H69l6s97HrRlrMrON/sD6+gaf6KUr</latexit>

dr(t)

dt
= �Ė

dr

dEorb

<latexit sha1_base64="xzBokjZqhMUQU59ReENhiGBHMM8=">AAACIHicbZDLSgMxFIYzXmu9jbp0M1gERagz9VI3QtGNm0IFW4VOLZlMpg3NXEjOCCXMo7jxVdy4UER3+jSm7Sy8HQj5+P9zSM7vJZxJsO0PY2p6ZnZuvrBQXFxaXlk119ZbMk4FoU0S81jceFhSziLaBAac3iSC4tDj9NobnI/86zsqJIujKxgmtBPiXsQCRjBoqWtW3UBgonw36bMd2M2UD9npRKvfKme/kmVK3KoDDXv1ye2SPsu6Zsku2+Oy/oKTQwnl1eia764fkzSkERCOpWw7dgIdhQUwwmlWdFNJE0wGuEfbGiMcUtlR4wUza1srvhXEQp8IrLH6fULhUMph6OnOEENf/vZG4n9eO4XgpKNYlKRAIzJ5KEi5BbE1SsvymaAE+FADJoLpv1qkj3U6oDMt6hCc3yv/hVal7ByXjy4PS7WzPI4C2kRbaAc5qIpq6AI1UBMRdI8e0TN6MR6MJ+PVeJu0Thn5zAb6UcbnF0uLowk=</latexit>

d�(t)

dt
=

M1/2

r3/2 +M3/2�

3.Build the GW polarizations

4.Given the source localization, construct the strain 

primary 
described by the  

Kerr metric

secondary endowed 
with a scalar  

charge d

<latexit sha1_base64="gIqkp5zpl/LR+upkrUFXU277k0Q=">AAACGXicbVDLSsNAFJ3Ud31VXboJFkEQSiK+NoIooksV+4Amlsnk1g6dTMLMjVhCf8ONv+LGhSIudeXfOK0RfF0Y5nAezNwTJIJrdJx3qzAyOjY+MTlVnJ6ZnZsvLSzWdJwqBlUWi1g1AqpBcAlV5CigkSigUSCgHnQPB3r9GpTmsbzAXgJ+RK8kb3NG0VCtkuOFMWZH/b38bnkINyhjFVGRHZ/318PLDS8EgfTLUCo7FWc49l/g5qBM8jltlV5NkqURSGSCat10nQT9jCrkTEC/6KUaEsq69AqaBkoagfaz4WZ9e9Uwod2OlTkS7SH7PZHRSOteFBhnRLGjf2sD8j+tmWJ718+4TFIEyT4faqfCxtge1GSHXAFD0TOAMsXNX23WoYoyNGUWTQnu75X/gtpGxd2ubJ1tlvcP8jomyTJZIWvEJTtkn5yQU1IljNySe/JInqw768F6tl4+rQUrzyyRH2O9fQAGQKGR</latexit>

Ė = ĖGR + d2�Ė



How much dephasing?

snr = 30

Potentially able to observe changes induced by scalar charges  

Difference in phase evolution of  EMRI in GR v.s. GR+d



Forecast on LISA bounds
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Constraints on the scalar charge for prototype EMRIs 

Strongly correlated with mass 
and spin of  the primary

single measurement 
inconsistent with GR @

<latexit sha1_base64="ULY5XgvMG7Ze1oV1yjf0d+tGjZw=">AAAB/nicbVDLSsNAFJ3UV62vqLhyEyyCG0vie1l047KCfUATymQ6aYfOTMLMjVhCwV9x40IRt36HO//GaZuFth64cDjnXu69J0w40+C631ZhYXFpeaW4Wlpb39jcsrd3GjpOFaF1EvNYtUKsKWeS1oEBp61EUSxCTpvh4GbsNx+o0iyW9zBMaCBwT7KIEQxG6th7pz7QR5CxEphnxyNfs57AHbvsVtwJnHni5aSMctQ69pffjUkqqATCsdZtz00gyLACRjgdlfxU0wSTAe7RtqESC6qDbHL+yDk0SteJYmVKgjNRf09kWGg9FKHpFBj6etYbi/957RSiqyBjMkmBSjJdFKXcgdgZZ+F0maIE+NAQTBQztzqkjxUmYBIrmRC82ZfnSeOk4l1Uzu/OytXrPI4i2kcH6Ah56BJV0S2qoToiKEPP6BW9WU/Wi/VufUxbC1Y+s4v+wPr8AavMlfY=</latexit>

3-�



Constraints on the scalar charge for prototype EMRIs with SNR = (30,150) 

LISA potentially able to measure d with % accuracy and better

LISA potentially able to constrain d ~ 10-1 to be inconsistent with zero @

Bounds via Fisher Matrix approach

Forecast on LISA bounds
A.M. +, Nature Astronomy 6, 4 464-470 (2022)

<latexit sha1_base64="ULY5XgvMG7Ze1oV1yjf0d+tGjZw=">AAAB/nicbVDLSsNAFJ3UV62vqLhyEyyCG0vie1l047KCfUATymQ6aYfOTMLMjVhCwV9x40IRt36HO//GaZuFth64cDjnXu69J0w40+C631ZhYXFpeaW4Wlpb39jcsrd3GjpOFaF1EvNYtUKsKWeS1oEBp61EUSxCTpvh4GbsNx+o0iyW9zBMaCBwT7KIEQxG6th7pz7QR5CxEphnxyNfs57AHbvsVtwJnHni5aSMctQ69pffjUkqqATCsdZtz00gyLACRjgdlfxU0wSTAe7RtqESC6qDbHL+yDk0SteJYmVKgjNRf09kWGg9FKHpFBj6etYbi/957RSiqyBjMkmBSjJdFKXcgdgZZ+F0maIE+NAQTBQztzqkjxUmYBIrmRC82ZfnSeOk4l1Uzu/OytXrPI4i2kcH6Ah56BJV0S2qoToiKEPP6BW9WU/Wi/VufUxbC1Y+s4v+wPr8AavMlfY=</latexit>
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Tracing back the couplings
A notable example: scalar Gauss-Bonnet (sGB) gravity 

n =2,

          generic function of  the scalar field

                                                              Gauss Bonnet invariant

Scalar charge proportional to the dimensionless coupling constant 

(exponential) (shift-symmetric)

For hairy BHs bounds on d can be mapped to bounds on couplings

F. Julié & E. Berti, PRD 100, 104610 (2019)

<latexit sha1_base64="b86FBPdOP18H7p0txJwzeqiROmM=">AAACE3icbVA9bxNBEN3LBzGGgIGS5hQLCVFYd1YgNEgWNJRGij8kn23NrefslXf3jt05hDndf0jDX0mTIhGipUnHv2H9USQ2Txrp6b0ZzcyLMyksBcFfb2//4PDBUeVh9dHj4ydPa8+ed22aG44dnsrU9GOwKIXGDgmS2M8Mgool9uL5p6Xf+4bGilSf0yLDoYKpFongQE4a195EP5Dgw9dRM0oM8CICmc2gLNQ4IvxOOjUKZJGVo2Y5rtWDRrCCv0vCDamzDdrj2m00SXmuUBOXYO0gDDIaFmBIcIllNcotZsDnMMWBoxoU2mGx+qn0Xzll4iepcaXJX6l3JwpQ1i5U7DoV0Mxue0vxf94gp+T9sBA6ywk1Xy9KculT6i8D8ifCICe5cAS4Ee5Wn8/AZUMuxqoLIdx+eZd0m43wXePtl9N66+Mmjgp7yU7YaxayM9Zin1mbdRhnF+ySXbMb76d35f3yfq9b97zNzAt2D96ff8J6n18=</latexit>

⇣ = q2
↵
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p
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[↵] = [length2]



Fast EMRI Waveforms
Installation of  non-GR waveforms into the LISA pipeline FEW

Liu +, PRD 105 06400 (2022)

 Katz +, PRD 104 064047 (2021)

Fast generation of  EMRI signals with generic orbits 

Tools for Bayesian analysis 
 Speri +, in preparation (2023)
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Post-adiabatic corrections
At second order in the Self-Force expansion

<latexit sha1_base64="dzQKJlgI1MPJRstyFp6ASOgPCfU=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0UQhJKIVTdC0Y3L+ugDmlgm00k7dDIJM5NCCfkSN/6KGxeKCK70b5y0WWjrgWEO59zLvfd4EaNSWda3UVhYXFpeKa6W1tY3NrfM7Z2mDGOBSQOHLBRtD0nCKCcNRRUj7UgQFHiMtLzhVea3RkRIGvJ7NY6IG6A+pz7FSGmpa1adERLRgF7k/0PiBEgNMGLJXZrCIziv36Zp1yxbFWsCOE/snJRBjnrX/HR6IY4DwhVmSMqObUXKTZBQFDOSlpxYkgjhIeqTjqYcBUS6yeS8FB5opQf9UOjHFZyovzsSFEg5Djxdme0oZ71M/M/rxMo/dxPKo1gRjqeD/JhBFcIsK9ijgmDFxpogLKjeFeIBEggrnWhJh2DPnjxPmscV+7RSvTkp1y7zOIpgD+yDQ2CDM1AD16AOGgCDR/AMXsGb8WS8GO/Gx7S0YOQ9u+APjK8fOcOjzg==</latexit>

' = 'S + 'R
<latexit sha1_base64="m/WH4iHUV9eItT/thsSZKYVuJAo=">AAACHXicbZDLSsNAFIYnXmu9RV26GSwFQSiJ1MtGKLpxWS+9QBvDZDpph04mYWYilJAXceOruHGhiAs34ts4abOorQcGfr4zh/Of34sYlcqyfoyFxaXlldXCWnF9Y3Nr29zZbcowFpg0cMhC0faQJIxy0lBUMdKOBEGBx0jLG15l/dYjEZKG/F6NIuIEqM+pTzFSGrlmdfCQpG6CvPRCq26A1AAjltylEwiPpultTl2zZFWsccF5YeeiBPKqu+ZXtxfiOCBcYYak7NhWpJwECUUxI2mxG0sSITxEfdLRkqOASCcZX5fCsiY96IdCP67gmE5PJCiQchRos+XMqJztZfC/XidW/rmTUB7FinA8WeTHDKoQZlHBHhUEKzbSAmFBtVeIB0ggrHSgRR2CPXvyvGgeV+zTyslNtVS7zOMogH1wAA6BDc5ADVyDOmgADJ7AC3gD78az8Wp8GJ+TrwtGPrMH/pTx/QsbsKPO</latexit>
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Need to split metric and scalar perturbations into singular/regular pieces
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Massive fields
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Extension to massive scalar fields

Scalar flux at infinity vanishes for 

New effects arising in the inspiral
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Ė1
scal = 0

Scalar field resonances

Floating orbits: the binary stalls

Flux at the horizon always active 
(enough?)

N. Yunes +, PRD 85, 102003 (2012) 
V. Cardoso +, PRL 107, 241101 (2011) 



Constraints from 1yr of  EMRI observation

Joint constrains on the scalar field mass and on the charge of  the 
secondary
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Forecast on LISA bounds



accurate  
waveforms

source  
modelling

data  
analysis

Yes…

Scalar fields can leave a significant (detectable) imprint in 
the GW signal emitted by EMRIs. 

(leading) GR deviations are universal and only controlled 
by the scalar charge of  the little guy  

Universal family of  waveform to test GR. Ready-to-use 
waveforms

Key simplifications occur for a vast class of  theories

But

What about other fields? 

Correlation with astrophysical effects

Generic orbits, resonances?

Actual computation of  SF contributions

charge constraints can be mapped to theory’s couplings

Are EMRI sensitive to new fields? 



AB and scalar fields
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scalar fields
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potential 

Bayesian  
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Equatorial  
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inspirals

Massive  
fields

Off  
equatorial 

circular orbits
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SF  
corrections
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