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200+ events observed so far from LVK, spanning a relatively small interval of  mass ratios q ∼ 1 : 30

Next- space/ground detectors expected to beat down such value by 
several orders of  magnitudes

Duration of  the inspiral & number of  cycles growing as q decreases 

Slow inspiral with  cycles, which could allow to observe them for very long periods, from months to years 104 − 105

Dynamical evolutions with an uncommon richness, with resonances, large eccentricities and off-equatorial orbits

In principle, very accurate probes for testing deviations from vacuum and from General Relativity

Discovery potential
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Asymmetric binaries
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M. Garg +2024; L. Copparoni & E. Barausse 2026

 (joint parameters)/  (single parameter)  
for amplitude of  gas torque

rdeg = σθi
σθi

correlation with beyond GR

Does mismodeling, i.e. neglecting environmental or beyond GR corrections affect parameters reconstruction?

Contaminations & biases: interplay
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Correlations between environmental and 
beyond-GR effects can severely degrade 

their own reconstruction

L. Speri +, 2023; L. Speri + inc. A. M., 2024Bias in the source intrinsic parameters is small

Problematic for ‘small’ deviations, like beyond GR/environmental corrections

What about the interplay of  “small” effects?
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Correlations between environmental and 
beyond-GR effects can severely degrade 

their own reconstruction

Can we study this problem from first 
principles and develop a perturbative 
framework suitable for observations?

L. Speri +, 2023; L. Speri + inc. A. M., 2024Bias in the source intrinsic parameters is small

Problematic for ‘small’ deviations, like beyond GR/environmental corrections

What about the interplay of  “small” effects?



How do we study asymmetric binaries in GR? The Self-Force program

Regge-Wheleer-Zerilli  
(Schwarzschild)

Teukolsky 
(Kerr)

leading

adiabatic

first post-adiabaticadiabatic

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

The asymmetric character introduces a natural parameter to study the problem in perturbation theory, the 
mass ratio q = mp/M

The solution determines the phase evolution 

A. Pound & B. Wardell, 2021

E/IMRIs in GR
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EMRI conventionally thought as probes of  the massive BH spacetime

Fundamental physics will come from testing deviations induced by the primary (new fields, matter components, 
Kerr hypothesis…)

Highly non-trivial task (perturbations on non-Kerr background) A. Chung & N. Yunes, 2024

What about the secondary? Does it play any role for testing gravity ?

m

A. Avendāno & C. Sopuerta, 2024

M

m

M

A tale of  two sides
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m

non-minimal 
coupling

matter fields

Shift-symmetric theories with massless scalar field(s)  non-minimally coupled to gravityφ

A. M. +,  2020 
A. Spiers, A. M., T. Sotiriou, 2024
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 has dimensions    (negative energy dimensions)α [length]n n ≥ 2

Assuming BH solutions are continuously connected to GR as α → 0

Hairs have to be introduced by Sc
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d1 → ω

Mn

Decoupling of  scales

black holes have “charges”  and d1 ∼ α/Mn d2 ∼ α/mn
p

deviations from GR scale as α/(mass)n  and ∼ α/Mn = α/mn
p qn ∼ α/mn

p
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[Notable example: linear Gauss-Bonnet gravity  and ]d1 ∼ αGB/M2 d2 ∼ αGB/m2
p
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Decoupling of  scales

MBH described  
by Kerr

EMRI decoupling
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Eardley, ApJ 196 L59-62 (1975); Damour & EF, CGQ 9, 9 (1992)
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Bonus: QNMs based tests of  GR for LISA-like questionableA. M. +,  2023
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<latexit sha1_base64="eyKpwGR3NysdCAvyseFYkB/4e7o="></latexit>

⇤g' = 16⇡

Z

�
m0[']

�4[xµ � zµp [⌧ ]]p
�g

d⌧ � ↵
16⇡p
�g

�Sc

�'

m′￼(φ) ∼ mpd2

Matter of  gravity @ 2nd New Horizons for Psi Workshop

<latexit sha1_base64="LIuRm9pQIZjQy4XHPCO3JlLyaEA="></latexit>

S0[gab,ω] =

∫ →
↑g

(
R

ε
↑ 1

2
ϑaωϑ

aω

)
d4x



Decoupling of  scales
Consistent expansion within the SF approach, since α/Mn = qn(α/mn

p)

Mass ratio q as single expansion parameter

A. Spiers, A.M., T. Sotiriou,  2024

<latexit sha1_base64="lv5cNOE+xZl9WXUBAcVM5fUmhhA="></latexit>

G(1)
ab = 8⇡mp

Z

�

�4[xm
p � zµp [⌧ ]]p

�g
uaubd⌧

Teukolsky equation as in GR Scalar wave equation on a Kerr background

<latexit sha1_base64="+u87hSwmVrrUF69J49ZH3PgIgdo="></latexit>

⇤'(1) = �4⇡dmp

Z

�

�(4)[xµ � zµp [⌧ ]]p
�g

d⌧

Field’s equations at the linear order

<latexit sha1_base64="EkFAJreV/06SotZeWsf2jkUYVfs=">AAACHnicbZDLSsNAFIYn9VbrLerSzWARWgolEatuhKIblxXsBZoaJpNpO3QyiTMToYQ8iRtfxY0LRQRX+jZOL3hpPTDw8f/ncOb8XsSoVJb1aWQWFpeWV7KrubX1jc0tc3unIcNYYFLHIQtFy0OSMMpJXVHFSCsSBAUeI01vcDHym3dESBryazWMSCdAPU67FCOlJdes9NzECWKHx+nZD94kBauYlm5hX5NdTL+NksP8UEnXzFtla1xwHuwp5MG0aq757vghjgPCFWZIyrZtRaqTIKEoZiTNObEkEcID1CNtjRwFRHaS8XkpPNCKD7uh0I8rOFZ/TyQokHIYeLozQKovZ72R+J/XjlX3tJNQHsWKcDxZ1I0ZVCEcZQV9KghWbKgBYUH1XyHuI4Gw0onmdAj27Mnz0Dgs28flytVRvno+jSML9sA+KAAbnIAquAQ1UAcY3INH8AxejAfjyXg13iatGWM6swv+lPHxBaPXos4=</latexit>

gµ⌫ = g(0)µ⌫ + qh(1)
µ⌫ + . . .

<latexit sha1_base64="SYYTSaviOR6hqGW6GW2by7SwG2s=">AAACFXicbVDLSgMxFM3UV62vUZdugkWoKGVGfG2EohuXFewDOmPJZDJtaGYyJplCGfoTbvwVNy4UcSu4829M2wG19UDIuefcS3KPFzMqlWV9Gbm5+YXFpfxyYWV1bX3D3NyqS54ITGqYMy6aHpKE0YjUFFWMNGNBUOgx0vB6VyO/0SdCUh7dqkFM3BB1IhpQjJSW2uah00ci7tKL7L5LS9b+8OAe/tS2rh3mcyXbZtEqW2PAWWJnpAgyVNvmp+NznIQkUpghKVu2FSs3RUJRzMiw4CSSxAj3UIe0NI1QSKSbjrcawj2t+DDgQp9IwbH6eyJFoZSD0NOdIVJdOe2NxP+8VqKCczelUZwoEuHJQ0HCoOJwFBH0qSBYsYEmCAuq/wpxFwmElQ6yoEOwp1eeJfWjsn1aPrk5LlYuszjyYAfsghKwwRmogGtQBTWAwQN4Ai/g1Xg0no03433SmjOymW3wB8bHN5MxnnQ=</latexit>

' = '(0) + q'(1) + . . .

Modularity with Self-Foce calculations in GR

Matter of  gravity @ 2nd New Horizons for Psi Workshop

The solution can be used to compute the full scalar first order SF piece fμ
1,scal

At 0PA-adiabatic order GSF(1) + SSF(1)
<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



Universal family of  waveforms
The recipe to generate agnostic waveforms

2.Compute the total luminosity

3.Determine the dynamics

Everything as in GR but , which depends only on the scalar charge d2δ ·E

<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�

4.Build the GW waveform with 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

m

M

1.Compute the scal/grav energy fluxes
<latexit sha1_base64="GDyk1BY9mZwjiNC/m7Yizb+4jCE=">AAACHnicbVDLSgMxFM34rPVVdekmWATdlBnxtSyK6LKKbYVOWzJpaoNJZkjuCGWYL3Hjr7hxoYjgSv/GTDsLtR4IHM65l5tzgkhwA6775UxNz8zOzRcWiotLyyurpbX1hgljTVmdhiLUNwExTHDF6sBBsJtIMyIDwZrB3WnmN++ZNjxU1zCMWFuSW8X7nBKwUrd04PdCSM7SbuJric+vUj/SYQQh9u0W4EEn2fF2M1fGvorTkdrZ65bKbsUdAU8SLydllKPWLX3YOzSWTAEVxJiW50bQTogGTgVLi35sWEToHbllLUsVkcy0k1G8FG9bpYf7obZPAR6pPzcSIo0ZysBOSgID89fLxP+8Vgz943bCVRQDU3R8qB8LbONnXeEe14yCGFpCqOb2r5gOiCYUbKNFW4L3N/IkaexVvMPKweV+uXqS11FAm2gL7SAPHaEqukA1VEcUPaAn9IJenUfn2Xlz3sejU06+s4F+wfn8BgtVoxA=</latexit>

ĖGR → |h(1)
µω |2

<latexit sha1_base64="ilpYAkaiXGyBZ3dG5iHpBKQB8Kk=">AAACGHicbVDLTgIxFO34RHyhLt00EhPc4AzxtSQaE5eYyCNhBtIpBRo6M017h4RM+Aw3/oobFxrjlp1/YxlYKHiSJifn3tP2HF8KrsG2v62V1bX1jc3MVnZ7Z3dvP3dwWNNRrCir0khEquETzQQPWRU4CNaQipHAF6zuD+6m8/qQKc2j8AlGknkB6YW8yykBI7Vz526HCSDY7USQ3I9dqSIJEXaNB9whUbLPW0nBORunSqvUzuXtop0CLxNnTvJojko7NzFX0zhgIVBBtG46tgQvIQo4FWycdWPNJKED0mNNQ0MSMO0labAxPjVKB3cjZU4IOFV/OxISaD0KfLMZEOjrxdlU/G/WjKF74yU8lDGwkM4e6sYCm+jTlnCHK0ZBjAwhVHHzV0z7RBEKpsusKcFZjLxMaqWic1W8fLzIl2/ndWTQMTpBBeSga1RGD6iCqoiiZ/SK3tGH9WK9WZ/W12x1xZp7jtAfWJMfXNigmQ==</latexit>

ωĖ → |ε(1)|2

Matter of  gravity @ 2nd New Horizons for Psi Workshop

S. Gliorio incl. A. M +, 2026; S. Barsanti + incl. A. M., 2026

Waveforms already implemented within LISA pipelines
Modified EMRI 

Waveforms

MEW



The interplay with the environmental field

Matter of  gravity @ 2nd New Horizons for Psi Workshop

<latexit sha1_base64="jVhRFCDuRGfQNIpmxA6gwWYGvg8="></latexit>

hµω =ω h(1,0)
µω + q h(0,1)

µω + ω2 h(2,0)
µω + ωq h(1,1)

µω + · · ·

ε =ε̄+ q ε(0,1) + ω ε(1,0) + ωq ε(1,1) + · · ·
ϑ =ω ϑ(1,0) + q ϑ(0,1) + ωq ϑ(1,1) + · · ·

Generalizing to a multi-field/parameter approach would require 3 parameters: ( )q, α, ξ
environment amplitude

Neglecting post-adiabatic orders , and Given GR corrections to the primary scale as 𝒪(q2)
α/Mn = qn(α/mn

p) (n > 2)

The perturbative framework therefore involves only two independent parameters (ξ, q)

<latexit sha1_base64="YYEIkFaylN0isW8osnmnAO9U//k="></latexit>

S =

∫ →
↑g

(
R

ω
↑ 1

2
εaϑε

aϑ

)
d4x+ ϖSc[gab,ϑ] + Sm[gab,ϑ,!]

<latexit sha1_base64="pPBxhmSQ3xCb/9iCrIN2+iF0OaA="></latexit>

+

∫ →
↑g

[
↑ωaεω

aεω ↑ µ2|ε|2
]
d4x



The interplay with the environmental field

Matter of  gravity @ 2nd New Horizons for Psi Workshop

<latexit sha1_base64="jVhRFCDuRGfQNIpmxA6gwWYGvg8="></latexit>

hµω =ω h(1,0)
µω + q h(0,1)

µω + ω2 h(2,0)
µω + ωq h(1,1)

µω + · · ·

ε =ε̄+ q ε(0,1) + ω ε(1,0) + ωq ε(1,1) + · · ·
ϑ =ω ϑ(1,0) + q ϑ(0,1) + ωq ϑ(1,1) + · · ·

Generalizing to a multi-field/parameter approach would require 3 parameters: ( )q, α, ξ
environment amplitude

Neglecting post-adiabatic orders , and Given GR corrections to the primary scale as 𝒪(q2)
α/Mn = qn(α/mn

p) (n > 2)

The perturbative framework therefore involves only two independent parameters (ξ, q)

depends on the scalar charge of  the secondary

<latexit sha1_base64="YYEIkFaylN0isW8osnmnAO9U//k="></latexit>

S =

∫ →
↑g

(
R

ω
↑ 1

2
εaϑε

aϑ

)
d4x+ ϖSc[gab,ϑ] + Sm[gab,ϑ,!]

<latexit sha1_base64="pPBxhmSQ3xCb/9iCrIN2+iF0OaA="></latexit>

+

∫ →
↑g

[
↑ωaεω

aεω ↑ µ2|ε|2
]
d4x



Multi-parameter expansion

Matter of  gravity @ 2nd New Horizons for Psi Workshop

<latexit sha1_base64="s+F2tzVPoMLQtzBp5AX7rvHQ3ek="></latexit>

↭ω(0,1) = 4ε dmp

∫
ϑ4[x→ yp(ϖ)]↑

→ḡ
dϖ

<latexit sha1_base64="iKezmF0JEKMeFcGsSgVtOtGKlG8=">AAACF3icbVDJSgNBEO2JW4xb1KOXxiAkoGEmuF0E0YtHBWMCmST0dGqSJj2L3TVCGPIXXvwVLx4U8ao3/8bOcnB7UPB4r4qqel4shUbb/rQyM7Nz8wvZxdzS8srqWn5940ZHieJQ5ZGMVN1jGqQIoYoCJdRjBSzwJNS8/vnIr92B0iIKr3EQQzNg3VD4gjM0UjtfdiX4WHT1bcIU0D3qBkkrrQxdJbo9LLmxFq206OzapSE9oXY7X7DL9hj0L3GmpECmuGznP9xOxJMAQuSSad1w7BibKVMouIRhzk00xIz3WRcahoYsAN1Mx38N6Y5ROtSPlKkQ6Vj9PpGyQOtB4JnOgGFP//ZG4n9eI0H/uJmKME4QQj5Z5CeSYkRHIdGOUMBRDgxhXAlzK+U9phhHE2XOhOD8fvkvuamUncPywdV+4fRsGkeWbJFtUiQOOSKn5IJckirh5J48kmfyYj1YT9ar9TZpzVjTmU3yA9b7FyHinfw=</latexit>(
↭→ µ2

)
ω(1,0) = 0

<latexit sha1_base64="/WKwHaDGmciROKzgCAFvRWufDBU=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuCqJ+NoIRRe6rGAfkIYwmUzboZMHMxOhhLjxV9y4UMStf+HOv3HaZqGtBy4czrmXe+/xE86ksqxvo7SwuLS8Ul6trK1vbG6Z2zstGaeC0CaJeSw6PpaUs4g2FV OcdhJBcehz2vaH12O//UCFZHF0r0YJdUPcj1iPEay05Jl7N16G/dzp+lhk/dzLSJC76BJZnlm1atYEaJ7YBalCgYZnfnWDmKQhjRThWErHthLlZlgoRjjNK91U0gSTIe5TR9MIh1S62eSDHB1qJUC9WOiKFJqovycyHEo5Cn3dGWI1kLPeWPzPc1LVu3AzFiWpohGZLuqlHKkYjeNAAROUKD7SBBPB9K2IDLDAROnQKjoEe/bledI6rtlntdO7k2r9qoijDPtwAEdgwznU4RYa0AQCj/AMr/BmPBkvxrvxMW0tGcXMLvyB8fkDzj+WeQ==</latexit>

Gab[ḡcd] = 0

Kerr
M

q = mp/M
m

<latexit sha1_base64="2JkSTyWZP7DTKpvWU4CV1a4BX7Y="></latexit>

G[1]
ab [h

(1,0)
cd ] = 8ωmp

∫
ε4[x→ yp(ϑ)]↑

→ḡ
up
a u

p
b dϑ

Cloud
M

R. Brito & S. Shah, 2024 
C. Dyson +, 2025 

S. Datta & A. M., 2025
The full solution can be obtained order by order as a 2-parameter expansion 

Teukolsky equations

At linear order 𝒪(q, ξ)

At quadratic order 𝒪(qξ, ξ2)

<latexit sha1_base64="bflN3XJsArZ+kEZBrB/hzn68r+E="></latexit>

G[1]
ab

[
h(2,0)
cd

]
= 8ωε(aϑ

→(1,0)εb)ϑ
(1,0) → 4ωgab

[
εcϑ

→(1,0)εcϑ(1,0) + µ2|ϑ(1,0)|2
]

<latexit sha1_base64="0l2JsazRDO/nPiU+reTpQaj2ubw="></latexit>(
↭→ µ2

)
ω(1,1) = h(0,1)ab↑a↑bω

(1,0) +↑aω(1,0)↑bha
b(0,1) → 1

2
↑ah

(0,1)↑aω(1,0)

=



Conservative corrections

Matter of  gravity @ 2nd New Horizons for Psi Workshop

<latexit sha1_base64="vmEn8lWRzqlhs9c/nUMUbxO113Y="></latexit>

ds2 = →F (r) e2ω
2εϑ(r) dv2 + 2eω

2εϑ(r) dv dr + r2 d!2
<latexit sha1_base64="mGkmsLYznYEJbDljTtC0Ng+h2Ec=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoC2tSfG2EoiBuhAr2AU0sk8mkHTp5MDMRS+jajb/ixoUibv0Cd/6NkzYLbT1wuYdz7mXmHidiVEjD+NZyM7Nz8wv5xcLS8srqmr6+0RBhzDGp45CFvOUgQRgNSF1SyUgr4gT5DiNNp3+R+s17wgUNg1s5iIjto25APYqRVFJH374s8T14Br207cOK9UDvKpZLmETwWmkHvKMXjbIxApwmZkaKIEOto39ZbohjnwQSMyRE2zQiaSeIS4oZGRasWJAI4T7qkraiAfKJsJPRKUO4qxQXeiFXFUg4Un9vJMgXYuA7atJHsicmvVT8z2vH0ju1ExpEsSQBHj/kxQzKEKa5QJdygiUbKIIwp+qvEPcQR1iq9AoqBHPy5GnSqJTN4/LRzWGxep7FkQdbYAeUgAlOQBVcgRqoAwwewTN4BW/ak/aivWsf49Gclu1sgj/QPn8A+lWXUQ==</latexit>

F (r) = f(r)→ 2ω2εM(r)/r

<latexit sha1_base64="phOIujRO2Fm24auJEerFHAzQwO0="></latexit>

ωrεM = r2
[
f(r) |ωrR̃00|2 + µ2|R̃00|2

]

ωrεϑ = 2r |R̃00(r)|2

<latexit sha1_base64="vxkSvqNwAfE9VuoU18CTNHjLS8g="></latexit>

E(rp) = Evac(rp) + ω2 εE(rp)

!(rp) = !p(rp) + ω2 ε!(rp)

The cloud backreaction on the background geometry at order order  induces conservative corrections 
to the orbital dynamics

𝒪(ξ2)

<latexit sha1_base64="bflN3XJsArZ+kEZBrB/hzn68r+E="></latexit>

G[1]
ab

[
h(2,0)
cd

]
= 8ωε(aϑ

→(1,0)εb)ϑ
(1,0) → 4ωgab

[
εcϑ

→(1,0)εcϑ(1,0) + µ2|ϑ(1,0)|2
]

The problem reduces to find a solution for the shifts  and δM(r) δλ(r)

Shift in the orbital  
energy and frequency

cloud radial 
function



Phenomenology and metrics

Matter of  gravity @ 2nd New Horizons for Psi Workshop

Binaries evolving on circular orbits for  up to the plunge, with ,  
and 

Tobs = 1yr Mb = (106,105)M⊙ Mb = (0.1,0.01)M
d = (0.1,0.025)

GW dephasing, i.e. difference in phase evolution with respect to vacuum-GR

To assess relevance and interplay of  the effects, we focused on 2 metrics

Statistical and systematic uncertainties using Fisher matrix and Cutler-Vallisneri approach on the parameters

Charge and cloud effects included within Fast EMRI Waveforms using           + a dedicated infrastructure 
we built for the cloud

<latexit sha1_base64="/tNp8KLzyyshNw33AuQyoXODtmM="></latexit>

ωε = {M, m2, d
2, ϑ2, dL, εs, ϖs, εk, ϖk, p0, ϖ0}

cloud amplitudecharge
<latexit sha1_base64="sy6k/TVdzwCh4+CPua7dGtpE51I=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBEqSEnE17Loxo1QwT6gCWEynbRDJ5MwM1FL7Ke4caGIW7/EnX/jtM1CWw9cOJxzL/feEySMSmXb38bC4tLyymphrbi+sbm1bZZ2mjJOBSYNHLNYtAMkCaOcNBRVjLQTQVAUMNIKBldjv3VPhKQxv1PDhHgR6nEaUoyUlnyzdOMHFfeRHrmIJX3k40PfLNtVewJrnjg5KUOOum9+ud0YpxHhCjMkZcexE+VlSCiKGRkV3VSSBOEB6pGOphxFRHrZ5PSRdaCVrhXGQhdX1kT9PZGhSMphFOjOCKm+nPXG4n9eJ1XhhZdRnqSKcDxdFKbMUrE1zsHqUkGwYkNNEBZU32rhPhIIK51WUYfgzL48T5rHVeesenp7Uq5d5nEUYA/2oQIOnEMNrqEODcDwAM/wCm/Gk/FivBsf09YFI5/ZhT8wPn8AJCaTSw==</latexit>

Mb(ω,εc)
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The environmental cloud's imprint on the GW phase is dominated by 
its conservative correction at small coupling

As  increases the conservative and dissipative contributions partially 
cancel: characteristic crossing at intermediate coupling

αc

Strong dependence on the primary mass
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 uncertainties on the scalar charge 2σ (d = 0.1, Mb = 0.1M)
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only scalar charge

charge + cloud dissipative & 
conservative

charge + cloud only 
dissipative

Including the cloud contribution degrades the 
detectability of  the scalar charge

More severe for more massive binaries

Including conservative cloud corrections in general 
slightly improves the charge measurability
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 uncertainties on the scalar charge 2σ (d = 0.1, Mb = 0.1M)

only scalar charge

charge + cloud dissipative & 
conservative

charge + cloud only 
dissipative

Including the cloud contribution degrades the 
detectability of  the scalar charge

More severe for more massive binaries

Including conservative cloud corrections in general 
slightly improves the charge measurability

bias on scalar charge due 
to neglecting the cloud

The bias is larger for more massive primaries and 
becomes subdominant as  decreasesM



Interplay and Uncertainties
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 uncertainties on the cloud mass 2σ (d = 0.1, Mb = 0.1M)

cloud only dissipative & 
conservative

bias on cloud mass due 
to neglecting the charge

cloud only dissipative

cloud dissipative & 
conservative + charge

cloud dissipative + charge

For binaries evolving in the high density region 
bounds become particularly narrow 

Dissipative contributions alone lead, in general, to 
artificially stronger constraints
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 uncertainties on the cloud mass 2σ (d = 0.1, Mb = 0.1M)

cloud only dissipative & 
conservative

bias on cloud mass due 
to neglecting the charge

cloud only dissipative

cloud dissipative & 
conservative + charge

cloud dissipative + charge

For  it requires M = 106M⊙ (M = 105M⊙)
αc = 0.15 (αc = 0.1)

Including the charge degrades the measurement of  
the cloud mass

For binaries evolving in the high density region 
bounds become particularly narrow 

Dissipative contributions alone lead, in general, to 
artificially stronger constraints
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 uncertainties on the cloud mass 2σ (d = 0.1, Mb = 0.01M)

cloud only dissipative & 
conservative

bias on cloud mass due 
to neglecting the charge

cloud only dissipative

cloud dissipative & 
conservative + charge

cloud dissipative + charge

For binaries evolving in the high density region 
bounds become particularly narrow 

Dissipative contributions alone lead, in general, to 
artificially stronger constraints
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 uncertainties on the cloud mass 2σ (d = 0.1, Mb = 0.01M)

cloud only dissipative & 
conservative

bias on cloud mass due 
to neglecting the charge

cloud only dissipative

cloud dissipative & 
conservative + charge

cloud dissipative + charge

For  it requires M = 106M⊙ (M = 105M⊙)
αc = 0.15 (αc = 0.1)

Including the charge degrades the measurement of  
the cloud mass

For binaries evolving in the high density region 
bounds become particularly narrow 

Dissipative contributions alone lead, in general, to 
artificially stronger constraints

For lighter clouds bounds are compatible with 
vacuum, except for  and M = 105M⊙ αc ≳ 0.1



Conservative vs dissipative cloud contributions
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The impact of  conservative corrections for the cloud mass reconstruction (no charge)

injection = cloud conservative + dissipative  contributions  
recovery = cloud dissipative  contributions

As the cloud mass decreases, the bias becomes more severe

Neglecting the conservative correction systematically shifts the peak of  the recovered posterior toward 
lower values of  Mb/M

Neglecting the conservative correction tends to artificially narrow the posterior



Multi-field approach as model for the interplay between matter & GR modifications

Key simplifications occur due to mass asymmetry

(leading) GR deviations are universal and only controlled by the scalar charge of  the lighter component

Inclusion of  charge/cloud can degrade even significantly the measurement

Summary

Environmental effects from the cloud around the primary and a scalar charge on the secondary are unlikely to be 
mutually misinterpreted as a genuine deviation from GR

Conservative effects dominate dissipative terms for small couplings . αc

At intermediate regimes of   partial cancellations between conservative and dissipative terms occurαc

Neglecting conservative correction can lead to systematic bias, and to artificially strong constraints 
on the cloud parameters
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Back up



Contaminations & biases: one at a time
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accretion disks scalar field

Bias in the source intrinsic parameters is small

Problematic for ‘small’ deviations, like beyond GR/environmental corrections

Does mismodeling affect parameters reconstruction, and other tests of  fundamental physics (tests of  GR)?
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E/IMRIs in GR
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Inspiral evolution on radiation-reaction time trr
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T. Hinderer & E. Flanagan, 2008

Match filtering require error in phase  1 radian:<

How do we go beyond GR, including new fundamental fields?
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Multi-parameter expansion
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Full set of  the equations for the scalar cloud - scalar charge system
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At cubic order 𝒪(qξ2)

At linear order 𝒪(q, ξ)

At quadratic order 𝒪(qξ, ξ2)
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GW Dephasing: interplay
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At small  and  dephasing tends to be dominated by conservative correctionsαc d

The combined dephasing is approximated by the sum of  the individual contributions from each sector, 
with a mild degeneracy
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Interplay and Measurability
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 uncertainties on the scalar charge 2σ (d = 0.025, Mb = 0.1M)

only scalar charge

charge + cloud dissipative & 
conservative

charge + cloud only 
dissipative

Including the cloud contribution degrades the 
detectability of  the scalar charge

More severe for more massive binaries

Including conservative cloud corrections in general 
slightly improves the charge measurability

bias on scalar charge due 
to neglecting the cloud

The bias is larger for more massive primaries and 
becomes subdominant as  decreasesM

For smaller charges and heavier binaries we can only 
set upper bounds on the charge, and bias increases



False deviations of  vacuum-GR
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Can we interpret cloud effect as GR modifications, and viceversa?
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Where do we look for environmental signatures

V. Cardoso & A. M. 2020

Constraints on the environment’s density from different effects & sources & detectors 

density of  medium 
(normalised to H20)

smallest value  
different from  

vacuum

Environmental effects typically accumulate at low frequencies and long timescales
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Where do we look for environmental signatures

V. Cardoso & A. M. 2020

Constraints on the environment’s density from different effects & sources & detectors 

EMRI IMRIMBBH

EMRI/IMRIs work really well

density of  medium 
(normalised to H20)
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Environmental effects typically accumulate at low frequencies and long timescales
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M

Decoupling of  scales and SNRs
M. Colpi +, 2024 

C. Chapman-Bird +,  2025

z distribution for BBH with q=2

Massive comparable-mass binaries are not (always) the best target due to mass suppression, despite their 
large signal-to-noise ratios

z distribution for asymmetric binaries with SNR=20

among the loudest sources in the 
Universe
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Decoupling of  scales and SNRs
M. Colpi +, 2024 

C. Chapman-Bird +,  2025

z distribution for BBH with q=2

Massive comparable-mass binaries are not (always) the best target due to mass suppression, despite their 
large signal-to-noise ratios

z distribution for asymmetric binaries with SNR=20

EMRIs

IMRIs

among the loudest sources in the 
Universe
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Cloud mass & density profiles
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Charge/Cloud uncertainties
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 uncertainties on the scalar charge 2σ (d = 0.1, Mb = 0.01M)  uncertainties on the cloud mass 2σ (d = 0.025, Mb = 0.1M)



Tracing back the couplings
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Constraints are so far agnostic: they can be mapped to couplings of  a specific theory 
F. Julié & E. Berti, 2019
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Scalar Gauss-Bonnet (sGB) gravity 
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[↵] = [length2]

Charge proportional to the coupling constant d = 2α/m2
p

Changes from Kerr scale as    (n=2)∼ α/mass2 → α/M2 = q2α/m2
p
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