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Where do we look for problems

Compact 
Objects with 
exotic matter

environmental 
effects

beyond  
GR

Reverse engineering: where do we look, and how big are the “things” we’re 
looking for

Where do effects are expected to pop-up in the waveform?

Status and prospect of waveform modelling to assess systematics

vacuum  
GR



Scales & new families
LISA will observe old-and-new families of binaries 

Huge potential for new science cases and new challenges (problems) 

comparable mass 
binaries

(very) asymmetric 
binaries

mathematical approaches

astro-physical set up

dynamical features

Challenges for waveform modelling of systems on different scales are different



Environment



Dirty BHs

V. Springel et al., Mon. Not. Roy. Astron. 391 (2008) G. Bertone et al., Nature 562, 7725 (2008)

MBH and inspirals evolve in DM-
rich environment, within galaxies

GW sources evolve embedded in a variety of gas/matter contents/fields,  
which may leave detectable imprints on GW 

Can we infer properties on the environment in which binaries evolve?

Are vacuum waveform models safe?

particle physics  
laboratoriesIMRI/EMRI can assemble in 

accretion disks

The landscape of calculations for asymmetric binaries is relatively virgin

L. Sberna +, PRD 106, 064056 (2022) 
L. Speri + PRX 143,021035 (2023) 
A. Toubiana +, PRL 126, 101105 (2021)  
A. Coogan + PRD 105, 043009  (2022)  
N. Speeney+  PRD 106, 044027 (2022) 
…



Dirty BHs
The environment affects the binary orbital motion

different effects can be included adding specific corrections the post-Newtonian 
waveforms

<latexit sha1_base64="Qw2I1iPOFCPhoNmk5PeogFHlrb8="></latexit>

 GW / (m⇡f)�5/3


1 + (PN corrections) + � env

�

Generic correction due to the binary environment

density of the  
medium <latexit sha1_base64="x2gzi3WOYuxLJ8owa6Q65euw/98=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKe76vghBLx4jmAdsljA7mU2GzMwuM71CWPIZXjwo4tWv8ebfOEn2oIkFDUVVN91dYSK4Adf9dgpLyyura8X10sbm1vZOeXevaeJUU9agsYh1OySGCa5YAzgI1k40IzIUrBUO7yZ+64lpw2P1CKOEBZL0FY84JWAlv9MnUpIbzzs565YrbtWdAi8SLycVlKPeLX91ejFNJVNABTHG99wEgoxo4FSwcamTGpYQOiR95luqiGQmyKYnj/GRVXo4irUtBXiq/p7IiDRmJEPbKQkMzLw3Ef/z/BSi6yDjKkmBKTpbFKUCQ4wn/+Me14yCGFlCqOb2VkwHRBMKNqWSDcGbf3mRNE+r3mX14uG8UrvN4yiiA3SIjpGHrlAN3aM6aiCKYvSMXtGbA86L8+58zFoLTj6zj/7A+fwB1nqQUg==</latexit>

� = 11/3
<latexit sha1_base64="/i4ICyMXiIn+SsKnJ/sjXruHZIM=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKewGXxch6MVjBPOAZAm9k0kyZGZ2nZkVwpKf8OJBEa/+jjf/xkmyB00saCiquunuCmPOtPG8bye3srq2vpHfLGxt7+zuFfcPGjpKFKF1EvFItULUlDNJ64YZTluxoihCTpvh6HbqN5+o0iySD2Yc00DgQLI+I2is1OoMUAi8rnSLJa/szeAuEz8jJchQ6xa/Or2IJIJKQzhq3fa92AQpKsMIp5NCJ9E0RjLCAW1bKlFQHaSzeyfuiVV6bj9StqRxZ+rviRSF1mMR2k6BZqgXvan4n9dOTP8qSJmME0MlmS/qJ9w1kTt93u0xRYnhY0uQKGZvdckQFRJjIyrYEPzFl5dJo1L2L8rn92el6k0WRx6O4BhOwYdLqMId1KAOBDg8wyu8OY/Oi/PufMxbc042cwh/4Hz+AIFPj6I=</latexit>

� = 2
<latexit sha1_base64="N8h2F8Dd10G8RHCcsm6KcBuajGo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKez6vghBLx4jmAckS+idTJIhM7vrzKwQlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXEAuujet+O7ml5ZXVtfx6YWNza3unuLtX11GiKKvRSESqGaBmgoesZrgRrBkrhjIQrBEMbyd+44kpzaPwwYxi5kvsh7zHKRorNdt9lBKvTzvFklt2pyCLxMtICTJUO8WvdjeiiWShoQK1bnlubPwUleFUsHGhnWgWIx1in7UsDVEy7afTe8fkyCpd0ouUrdCQqfp7IkWp9UgGtlOiGeh5byL+57US07vyUx7GiWEhnS3qJYKYiEyeJ12uGDViZAlSxe2thA5QITU2ooINwZt/eZHUT8reRfn8/qxUucniyMMBHMIxeHAJFbiDKtSAgoBneIU359F5cd6dj1lrzslm9uEPnM8fgtOPow==</latexit>

� = 3

gravitational  
drag accretion gravitational  

pull

GW can be used to bound the density of the matter distribution in which binary evolve

changes generation and propagation of GWs

<latexit sha1_base64="nDuAyB6UbwcwS9WnVofOV9Awx3o="></latexit>

� env / ⇢env(⇡mf)��

E. Barausse +, PRD 89, 104059 (2014)  
B. Kocsis +, PRD 84, 024032 (2011) 
V. Cardoso & A. M., A&A 644, A147 (2020)



Which family?
 
V. Cardoso & A. M., A&A 644, A147 (2020)

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

EMRI IMRI

IBBH

MBBH

Asymmetric binaries work (really) well
density of 
medium

Useful lessons from PN 

environmental effects typically contribute at low frequencies



Is it worth?
High(er)-order vacuum corrections or environmental effects?

L. Zwick+  2209.04060 (2022)
where do we need to focus our efforts in the mHz modelling?

Systematic comparison of phase contribution 
due to  

• known environmental effects 
• high pN order (5 pN benchmark)

detectability criterion with

phase shift distinguishable from noise

gas torques from viscous forces 
third body effect

<latexit sha1_base64="u090UShY6qiIwrO2F9dQo8SQxbY=">AAACAXicbVDJSgNBEO2JW4zbqBfBy2AQPIUZcclFCHrxJHHJAkkIPZ1K0qSnZ+iuEcMQL/6KFw+KePUvvPk3dpaDJj4oeLxXRVU9PxJco+t+W6m5+YXFpfRyZmV1bX3D3twq6zBWDEosFKGq+lSD4BJKyFFANVJAA19Axe9dDP3KPSjNQ3mH/QgaAe1I3uaMopGa9k69BQJpHeEBZagCKpLbq5vBWb5pZ92cO4IzS7wJyZIJik37q94KWRyARCao1jXPjbCRUIWcCRhk6rGGiLIe7UDNUEkD0I1k9MHA2TdKy2mHypREZ6T+nkhooHU/8E1nQLGrp72h+J9Xi7GdbyRcRjGCZONF7Vg4GDrDOJwWV8BQ9A2hTHFzq8O6VFGGJrSMCcGbfnmWlA9z3knu+PooWzifxJEmu2SPHBCPnJICuSRFUiKMPJJn8krerCfrxXq3PsatKWsys03+wPr8Ab5/lxU=</latexit>

�SNR = 8



Is it worth?
Parameter space of LISA comparable-mass SMBH at different redshifts
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Is it worth?

env detectable

env non-
detectable

max detectable 
pN order

env non-detectable 
& pN > 5 detectable

env ~ 5 pN 
order

heavy BBH,                        , can be safely modelled by vacuum waveforms due to low SNRs
<latexit sha1_base64="sfl9mzYfnuYplKxpAuJweS3XFxQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5gRlxyDXrwEIpgFknHo6XSSJt3TQ3eNEEPwV7x4UMSr/+HNv7GzHDTxQcHjvSqq6kWJ4AY879vJLC2vrK5l13Mbm1vbO+7uXs2oVFNWpUoo3YiIYYLHrAocBGskmhEZCVaP+tdjv/7AtOEqvoNBwgJJujHvcErASqF7UG51wdoS+959sRy2VFtB6Oa9gjcBXiT+jOTRDJXQ/Wq1FU0li4EKYkzT9xIIhkQDp4KNcq3UsITQPumypqUxkcwEw8n1I3xslTbuKG0rBjxRf08MiTRmICPbKQn0zLw3Fv/zmil0isGQx0kKLKbTRZ1UYFB4HAVuc80oiIElhGpub8W0RzShYAPL2RD8+ZcXSe204F8Uzm/P8qWrWRxZdIiO0Any0SUqoRtUQVVE0SN6Rq/ozXlyXpx352PamnFmM/voD5zPH2gLlJE=</latexit>

M & 108M�

for                        the largest unmodelled perturbations are environmental effects
<latexit sha1_base64="BRH7D5m/du/qapt2/unW9dHkncU=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiSi1mXRjZtCBfuAJobJZNIOncmEmYlQQsFfceNCEbd+hzv/xmmbhbYeuHA4517uvSdMGVXacb6tpeWV1bX10kZ5c2t7Z9fe228rkUlMWlgwIbshUoTRhLQ01Yx0U0kQDxnphMObid95JFJRkdzrUUp8jvoJjSlG2kiBfdjwGFFKUQ5d56HWCDwRCR3YFafqTAEXiVuQCijQDOwvLxI44yTRmCGleq6Taj9HUlPMyLjsZYqkCA9Rn/QMTRAnys+n54/hiVEiGAtpKtFwqv6eyBFXasRD08mRHqh5byL+5/UyHV/5OU3STJMEzxbFGYNawEkWMKKSYM1GhiAsqbkV4gGSCGuTWNmE4M6/vEjaZ1X3snpxd16pXxdxlMAROAanwAU1UAe3oAlaAIMcPINX8GY9WS/Wu/Uxa12yipkD8AfW5w80fpUE</latexit>

M . 107M�

largest SNRs are for and                         and 
<latexit sha1_base64="Aqu/TbSXYPKxoo6ry50VUEyRbRo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiSi1WXRjZtCBfuAJobJZNIOncyEmYlSYj/FjQtF3Pol7vwbp4+Fth64cDjnXu69J0wZVdpxvq3Cyura+kZxs7S1vbO7Z5f320pkEpMWFkzIbogUYZSTlqaakW4qCUpCRjrh8Hridx6IVFTwOz1KiZ+gPqcxxUgbKbDLDU/RBLrOfa0ReCISOrArTtWZAi4Td04qYI5mYH95kcBZQrjGDCnVc51U+zmSmmJGxiUvUyRFeIj6pGcoRwlRfj49fQyPjRLBWEhTXMOp+nsiR4lSoyQ0nQnSA7XoTcT/vF6m40s/pzzNNOF4tijOGNQCTnKAEZUEazYyBGFJza0QD5BEWJu0SiYEd/HlZdI+rbq16vntWaV+NY+jCA7BETgBLrgAdXADmqAFMHgEz+AVvFlP1ov1bn3MWgvWfOYA/IH1+QPl5ZMk</latexit>

M ⇠ 106M�
<latexit sha1_base64="rBQzjFrYlqUsqwCOxCbTmJrUg7Y=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYBA8LbvB1zHoxWME84BkCbOT3mTIzOxmZjYQlnyHFw+KePVjvPk3TpI9aGJBQ1HVTXdXmHCmjed9O2vrG5tb24Wd4u7e/sFh6ei4oeNUUajTmMeqFRINnEmoG2Y4tBIFRIQcmuHwfuY3x6A0i+WTmSQQCNKXLGKUGCsFow4HrTUT2HMr3VLZc7058Crxc1JGOWrd0lenF9NUgDSUE63bvpeYICPKMMphWuykGhJCh6QPbUslEaCDbH70FJ9bpYejWNmSBs/V3xMZEVpPRGg7BTEDvezNxP+8dmqi2yBjMkkNSLpYFKUcmxjPEsA9poAaPrGEUMXsrZgOiCLU2JyKNgR/+eVV0qi4/rV79XhZrt7lcRTQKTpDF8hHN6iKHlAN1RFFI/SMXtGbM3ZenHfnY9G65uQzJ+gPnM8f29yRgw==</latexit>

q . 0.2
env detectable

<latexit sha1_base64="cwB5Tq6RnmjyF/2Yihw36gsrm1I=">AAAB8nicbVDJSgNBEO1xjXGLevTSGARPYSa4HYNePEYwC0yG0NOpSZr0MnT3CDHkM7x4UMSrX+PNv7GTzEETHxQ83quiql6ccmas7397K6tr6xubha3i9s7u3n7p4LBpVKYpNKjiSrdjYoAzCQ3LLId2qoGImEMrHt5O/dYjaMOUfLCjFCJB+pIljBLrpPCpw8EYwwSudktlv+LPgJdJkJMyylHvlr46PUUzAdJSTowJAz+10ZhoyyiHSbGTGUgJHZI+hI5KIsBE49nJE3zqlB5OlHYlLZ6pvyfGRBgzErHrFMQOzKI3Ff/zwswm19GYyTSzIOl8UZJxbBWe/o97TAO1fOQIoZq5WzEdEE2odSkVXQjB4svLpFmtBJeVi/vzcu0mj6OAjtEJOkMBukI1dIfqqIEoUugZvaI3z3ov3rv3MW9d8fKZI/QH3ucPCQiRGg==</latexit>

z . 2

<latexit sha1_base64="n1uB3eY5bZ3vMc8W/gwZ1jrFY/A=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGXycJevEYwTwgWcLsZDYZMjO7zMwKcckvePGgiFd/yJt/42yyB00saCiquunuCmLOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H49vMbz9SpVkkH8wkpr7AQ8lCRrDJpKdrVOuXK27VnQEtEy8nFcjR6Je/eoOIJIJKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupRILqv10dusUnVhlgMJI2ZIGzdTfEykWWk9EYDsFNiO96GXif143MeGVnzIZJ4ZKMl8UJhyZCGWPowFTlBg+sQQTxeytiIywwsTYeEo2BG/x5WXSqlW9i+r5/VmlfpPHUYQjOIZT8OAS6nAHDWgCgRE8wyu8OcJ5cd6dj3lrwclnDuEPnM8fN5uNtg==</latexit>

z > 2 high-order vacuum dominate

rates for LISA binaries



Rising spikes

N. Speeney+  PRD 106, 044027 (2022)
Dark Matter forms spikes in the presence of a BH

Newtonian Relativistic 
<latexit sha1_base64="jS7Hc6Pr04wZFkspmRbrpqdaF60=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVVj0WvXisYj+gXUo2zbahSXZJskJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nSeqNIvko5nG1Bd4JFnICDaZVHsY6EG54lbdOdAq8XJSgRzNQfmrP4xIIqg0hGOte54bGz/FyjDC6azUTzSNMZngEe1ZKrGg2k/nt87QmVWGKIyULWnQXP09kWKh9VQEtlNgM9bLXib+5/USE177KZNxYqgki0VhwpGJUPY4GjJFieFTSzBRzN6KyBgrTIyNp2RD8JZfXiXti6p3Wa3f1yqNmzyOIpzAKZyDB1fQgDtoQgsIjOEZXuHNEc6L8+58LFoLTj5zDH/gfP4ArWiOBA==</latexit>

4Rs
<latexit sha1_base64="Vw0/eKs5tKixnvt+SxMRlwl4bng=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktVj0WvXisYj+gXUo2zbahSXZJskJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nSeqNIvko5nG1Bd4JFnICDaZVHsY6EG54lbdOdAq8XJSgRzNQfmrP4xIIqg0hGOte54bGz/FyjDC6azUTzSNMZngEe1ZKrGg2k/nt87QmVWGKIyULWnQXP09kWKh9VQEtlNgM9bLXib+5/USE177KZNxYqgki0VhwpGJUPY4GjJFieFTSzBRzN6KyBgrTIyNp2RD8JZfXiXtWtW7rNbvLyqNmzyOIpzAKZyDB1fQgDtoQgsIjOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AqlqOAg==</latexit>

2Rs

density peak 

relativistic cut-off deeper in the 
BH field, and less steep  

potential to lead larger effects on 
the dynamics of binaries in DM 
environments

<latexit sha1_base64="/eZfgsJYwdiYI1TsXRIgXvAm4AE="></latexit>

⇢(r) = ⇢0(r/a0)
�� [1 + (r/a0)

↵](���)/↵



Rising spikes
How much do relativistic corrections weigh?

RDM+RDF

spike dynamical 
friction

RDM+NDF

NDM+RDF

relativistic correction

Both contributions relevant and should be included

Correction to spike always leads larger dephasing 

For very large primaries DF becomes irrelevant

_____ v.s. Newtonian term



Rising spikes
What pN order DM and DF are comparable to?

Clear hierarchy: (0, 1)PN << RDM << RDF

DF can dominate over the 2 pN term after 1yr of observation

For lower masses DF becomes more comparable with lower pN orders as the spikes grows



Rising spikes
How are EMRI affected by relativistic corrections?

<latexit sha1_base64="+yuJD0m4MQEW/VHTU2RHWxPxBQE=">AAACF3icbVDLSgNBEJyNrxhfqx69DAbBU9iVRL0IIV5yESKYByRhmZ1MkiGzs+tMrxiW/IUXf8WLB0W86s2/cfI4xMSChqKqm+4uPxJcg+P8WKmV1bX1jfRmZmt7Z3fP3j+o6TBWlFVpKELV8IlmgktWBQ6CNSLFSOALVvcH12O//sCU5qG8g2HE2gHpSd7llICRPDuXbwF7BBmqgIhkqPSodR+TDlaec+UWbrx5t1QeeXbWyTkT4GXizkgWzVDx7O9WJ6RxwCRQQbRuuk4E7YQo4FSwUaYVaxYROiA91jRUkoDpdjL5a4RPjNLB3VCZkoAn6vxEQgKth4FvOgMCfb3ojcX/vGYM3ct2wmUUA5N0uqgbCwwhHoeEO1wxCmJoCKGKm1sx7RNFKJgoMyYEd/HlZVI7y7nnucJtPlsszeJIoyN0jE6Riy5QEZVRBVURRU/oBb2hd+vZerU+rM9pa8qazRyiP7C+fgHVK6BY</latexit>

4yrs r0 = 15MBH

<latexit sha1_base64="ahs/FEeWVXAFEf9135OZx8TZQlU=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN8EiuLEkotVl0Y0boYK9QBvDZDJth05mwsxEKKHgq7hxoYhbn8Odb+O0zUJbfxj4+M85nDN/mDCqtOt+WwuLS8srq4W14vrG5ta2vbPbUCKVmNSxYEK2QqQIo5zUNdWMtBJJUBwy0gwH1+N685FIRQW/18OE+DHqcdqlGGljBfa+5z5UboOOiIQ+8dycArvklt2JnHnwcihBrlpgf3UigdOYcI0ZUqrtuYn2MyQ1xYyMip1UkQThAeqRtkGOYqL8bHL+yDkyTuR0hTSPa2fi/p7IUKzUMA5NZ4x0X83WxuZ/tXaqu5d+RnmSasLxdFE3ZY4WzjgLJ6KSYM2GBhCW1Nzq4D6SCGuTWNGE4M1+eR4ap2WvUj6/OytVr/I4CnAAh3AMHlxAFW6gBnXAkMEzvMKb9WS9WO/Wx7R1wcpn9uCPrM8fa0uUhg==</latexit>

106M� � 10M�

relativistic corrections allow to 
spot DM effects earlier



Rising spikes

Mismatch

<latexit sha1_base64="ahs/FEeWVXAFEf9135OZx8TZQlU=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN8EiuLEkotVl0Y0boYK9QBvDZDJth05mwsxEKKHgq7hxoYhbn8Odb+O0zUJbfxj4+M85nDN/mDCqtOt+WwuLS8srq4W14vrG5ta2vbPbUCKVmNSxYEK2QqQIo5zUNdWMtBJJUBwy0gwH1+N685FIRQW/18OE+DHqcdqlGGljBfa+5z5UboOOiIQ+8dycArvklt2JnHnwcihBrlpgf3UigdOYcI0ZUqrtuYn2MyQ1xYyMip1UkQThAeqRtkGOYqL8bHL+yDkyTuR0hTSPa2fi/p7IUKzUMA5NZ4x0X83WxuZ/tXaqu5d+RnmSasLxdFE3ZY4WzjgLJ6KSYM2GBhCW1Nzq4D6SCGuTWNGE4M1+eR4ap2WvUj6/OytVr/I4CnAAh3AMHlxAFW6gBnXAkMEzvMKb9WS9WO/Wx7R1wcpn9uCPrM8fa0uUhg==</latexit>

106M� � 10M�

Spikes large enough to provide detectable effects in EMRI observations by 
LISA



Accretion disks
Accretion disks induce torques that can affect EMRI trajectories

Subdominant compared to GW emission but potentially observable

<latexit sha1_base64="i2uCwywi7uk0n1YhozKVuIniySY="></latexit>

L̇disk = A

✓
r

10M1

◆nr

L̇(0)
disk

<latexit sha1_base64="iDs+I4VFU+yiutZ0GXyCoLMy0S8=">AAACInicbVDLSsNAFJ3UV62vqEs3wSIIQknE50IoutCFiwr2AW0pk8mkHTqZhJkbsYR8ixt/xY0LRV0JfozTNgtte2CYwzn33pl73IgzBbb9beTm5hcWl/LLhZXVtfUNc3OrpsJYElolIQ9lw8WKciZoFRhw2ogkxYHLad3tXw39+gOVioXiHgYRbQe4K5jPCAYtdczzlhdCcpteZHenBfQRRCgDzJPrenowS/eY6qcds2iX7BGsaeJkpIgyVDrmp55F4oAKIBwr1XTsCNoJlsAIp2mhFSsaYdLHXdrUVOCAqnYyWjG19rTiWX4o9RFgjdS/HQkOlBoErq4MMPTUpDcUZ3nNGPyzdsJEFAMVZPyQH3MLQmuYl+UxSQnwgSaYSKb/apEelpiATrWgQ3AmV54mtcOSc1I6vjsqli+zOPJoB+2ifeSgU1RGN6iCqoigJ/SC3tC78Wy8Gh/G17g0Z2Q92+gfjJ9f0TOmVw==</latexit>

L̇ = L̇GW + L̇disk

amplitude
slope

-nr pN

posterior on the amplitude for agnostic search 
(vacuum injection)

Torques may not be detectable even if dephasing larger than 
<latexit sha1_base64="bx9a4HQ+ytDY9rs+PbhbxTJdGxA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1nUhcsK9gFNKJPppB06k4SZGyGE+ituXCji1g9x5984bbPQ1gMDh3PO5d45QSK4Bsf5tkorq2vrG+XNytb2zu6evX/Q1nGqKGvRWMSqGxDNBI9YCzgI1k0UIzIQrBOMb6Z+55EpzePoAbKE+ZIMIx5ySsBIfbvq3TIBxGuOuDcEk5PY7ds1p+7MgJeJW5AaKtDs21/eIKapZBFQQbTuuU4Cfk4UcCrYpOKlmiWEjsmQ9QyNiGTaz2fHT/CxUQY4jJV5EeCZ+nsiJ1LrTAYmKQmM9KI3Ff/zeimEV37OoyQFFtH5ojAVGGI8bQIPuGIURGYIoYqbWzEdEUUomL4qpgR38cvLpH1ady/q5/dntcZ1UUcZHaIjdIJcdIka6A41UQtRlKFn9IrerCfrxXq3PubRklXMVNEfWJ8/K/iUeQ==</latexit>

�� & 1

Torques may not be detectable for typical value of the disk viscosity <latexit sha1_base64="3MUkKiCoiAzY5Y40sOOBicuGr2A=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEnons8mY2Z1lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqyhpUCqnaAWomeMwahhvB2oliGAWCtYLR7dRvPTGluYwfzDhhfoSDmIecorFSs4siGWKvXHGr7gxkmXg5qUCOeq/81e1LmkYsNlSg1h3PTYyfoTKcCjYpdVPNEqQjHLCOpTFGTPvZ7NoJObFKn4RS2YoNmam/JzKMtB5Hge2M0Az1ojcV//M6qQmv/YzHSWpYTOeLwlQQI8n0ddLnilEjxpYgVdzeSugQFVJjAyrZELzFl5dJ86zqXVYv7s8rtZs8jiIcwTGcggdXUIM7qEMDKDzCM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AY7BjyI=</latexit>↵

<latexit sha1_base64="XtkA6j4Q6FOCIRlrRPuDACx1Qiw=">AAACHHicbVDLSgNBEJyNrxhfUY9eFoPgxbCrJuot6MWLEME8IIlhdnY2GTI7s8z0imHJh3jxV7x4UMSLB8G/cfI4aJKChqKqm+4uL+JMg+P8WKmFxaXllfRqZm19Y3Mru71T1TJWhFaI5FLVPawpZ4JWgAGn9UhRHHqc1rze1dCvPVClmRR30I9oK8QdwQJGMBipnT1xnfviTbspfQlNoI8gpAoxT44GBWeu7OQv2tmck3dGsGeJOyE5NEG5nf1q+pLEIRVAONa64ToRtBKsgBFOB5lmrGmESQ93aMNQgUOqW8nouYF9YBTfDqQyJcAeqX8nEhxq3Q890xli6OppbyjO8xoxBOethIkoBirIeFEQcxukPUzK9pmiBHjfEEwUM7fapIsVJmDyzJgQ3OmXZ0n1OO8W84Xb01zpchJHGu2hfXSIXHSGSugalVEFEfSEXtAbereerVfrw/oct6asycwu+gfr+xel/KG+</latexit>

106M�-50M�-0.9

L. Speri + PRX 143, 021035 (2023)



Accretion disks

Strong correlation between amplitude 
and slope

Detectability of torques, for a non-vacuum injection

Posterior inconsistent with A=0 @ more 
than

<latexit sha1_base64="eWrU0dVe1h0kpLlh0avWRhon0IE=">AAAB7nicbVDJSgNBEK2JW4xb1KOXxiB4CjPux6AXjxHMAskQejo9SZNehu4eIQz5CC8eFPHq93jzb+wkc9DEBwWP96qoqhclnBnr+99eYWV1bX2juFna2t7Z3SvvHzSNSjWhDaK40u0IG8qZpA3LLKftRFMsIk5b0ehu6reeqDZMyUc7Tmgo8ECymBFsndQ67xo2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NwJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauObMGMySS2VZL4oTjmyCk1/R32mKbF87AgmmrlbERlijYl1CZVcCMHiy8ukeVYNrqqXDxeV2m0eRxGO4BhOIYBrqME91KEBBEbwDK/w5iXei/fufcxbC14+cwh/4H3+ABMaj2o=</latexit>

3�

Torque can be detected by agnostic 
template provided it can be described by 
a power-law of the radius

If we have a physical model, (A,nr) can be mapped to viscosity & efficiency of the disk 



Accretion disks
Parameter’s bias due to mismodelling of the ‘true’ signal

Good match only on a shorter portion of the signal 

won’t affect astro-conclusions

problematic for ‘small’ deviations, like beyond GR corrections

Bias in the source intrinsic parameter is small



The curious case of a rigorous spacetime 

<latexit sha1_base64="xG3NU8P8QWlv0GaV/Z/4+i5h6ZQ="></latexit>

hTµ⌫i = n

mp
hPµP ⌫i  ! Tµ

⌫ = diag(�⇢, 0, pt, pt)

Spherical symmetry + anisotropic stress energy tensor

Focused on DM rich environments

Hernquist

Relativistic BH spacetime surrounded by a matter distribution

A. Einstein, Annals Math. 40 (1939)

Compute axial/polar fluxes

V.Cardoso +, PRD Lett.  105, L061501, (2022) 
V.Cardoso +, PRL 129, 241103, (2022) 

E. Figueiredo +, PRD 107, 104033, (2022)

<latexit sha1_base64="/eZfgsJYwdiYI1TsXRIgXvAm4AE="></latexit>

⇢(r) = ⇢0(r/a0)
�� [1 + (r/a0)

↵](���)/↵
<latexit sha1_base64="WAYtUWzudQq65/6L4iOkhsvi+jQ="></latexit>

⇢(r) = ⇢eexp
n
�dn[(r/re)

1/n � 1]
o

NFW Einasto

Study geodesic structure and perturbations

study EMRI 
dynamics

typical scaleaverage density



To mimic galaxy observations
<latexit sha1_base64="xqhryULXqy7beDEg8xc61oIEF6M=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmRoi6LbtwIFewD2nHIpGkbmmSGJFMoQ//EjQtF3Pon7vwb03YW2nogcDjnXO7NiRLOtPG8b6ewtr6xuVXcLu3s7u0fuIdHTR2nitAGiXms2hHWlDNJG4YZTtuJolhEnLai0e3Mb42p0iyWj2aS0EDggWR9RrCxUui6OPS6A2MDAvneU/U+dMtexZsDrRI/J2XIUQ/dr24vJqmg0hCOte74XmKCDCvDCKfTUjfVNMFkhAe0Y6nEguogm18+RWdW6aF+rOyTBs3V3xMZFlpPRGSTApuhXvZm4n9eJzX96yBjMkkNlWSxqJ9yZGI0qwH1mKLE8IklmChmb0VkiBUmxpZVsiX4y19eJc2Lin9ZqT5Uy7WbvI4inMApnIMPV1CDO6hDAwiM4Rle4c3JnBfn3flYRAtOPnMMf+B8/gD4aJKW</latexit>

a0 & 104M

<latexit sha1_base64="Po6Qv/vEQkPZGDVkQX6TLILaljY=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BD3qMYB6QrKF30kmGzOyuM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUKwCNgodYN9wIbMUKQQYCm8Hoeuo3n1BpHoX3ZhyjL2EQ8j5nYKzUwofODUgJ3WLJLbsz0GXiZaREMtS6xa9OL2KJxNAwAVq3PTc2fgrKcCZwUugkGmNgIxhg29IQJGo/nd07oSdW6dF+pGyFhs7U3xMpSK3HMrCdEsxQL3pT8T+vnZj+pZ/yME4Mhmy+qJ8IaiI6fZ72uEJmxNgSYIrbWykbggJmbEQFG4K3+PIyaZyVvfNy5a5Sql5lceTJETkmp8QjF6RKbkmN1AkjgjyTV/LmPDovzrvzMW/NOdnMIfkD5/MHz0mP1Q==</latexit>

e�
<latexit sha1_base64="ibi64goA6CoxOvQKaUGg6MOoNfw=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi3W3FPVY9OJFqGA/oF1KNs22odlkTbJCWfonvHhQxKt/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKlloghtEMmlagdYU84EbRhmOG3HiuIo4LQVjG6mfuuJKs2keDDjmPoRHggWMoKNldreWeXuHPfcXrHklt0Z0DLxMlKCDPVe8avblySJqDCEY607nhsbP8XKMMLppNBNNI0xGeEB7VgqcES1n87unaATq/RRKJUtYdBM/T2R4kjrcRTYzgiboV70puJ/Xicx4ZWfMhEnhgoyXxQmHBmJps+jPlOUGD62BBPF7K2IDLHCxNiICjYEb/HlZdKslL2LcvW+WqpdZ3Hk4QiO4RQ8uIQa3EIdGkCAwzO8wpvz6Lw4787HvDXnZDOH8AfO5w8+Go7P</latexit>

1� 2M/a0<latexit sha1_base64="v6RkcHmhLYhyHJh0wp5VnBc3e1M=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KUoi5L3XQjVLAPaEKYTCft0JlMmJkoJdSNv+LGhSJu/Qt3/o3TNgttPXDhcM693HtPmDCqtON8Wyura+sbm4Wt4vbO7t6+fXDYViKVmLSwYEJ2Q6QIozFpaaoZ6SaSIB4y0glH11O/c0+koiK+0+OE+BwNYhpRjLSRAvtYepIOhhpJKR5g5SbIPMlhvTEJ7JJTdmaAy8TNSQnkaAb2l9cXOOUk1pghpXquk2g/Q1JTzMik6KWKJAiP0ID0DI0RJ8rPZh9M4JlR+jAS0lSs4Uz9PZEhrtSYh6aTIz1Ui95U/M/rpTq68jMaJ6kmMZ4vilIGtYDTOGCfSoI1GxuCsKTmVoiHSCKsTWhFE4K7+PIyaVfK7kW5elst1ep5HAVwAk7BOXDBJaiBBmiCFsDgETyDV/BmPVkv1rv1MW9dsfKZI/AH1ucP+n6Wlg==</latexit>

r ! 2MBH

Redshift factor

<latexit sha1_base64="jVlw36SOKXL1AIo4O5vI2vg65J8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZKeqy1E03hQr2AZ1hyKRpG5pkhiQjlLELf8WNC0Xc+hvu/Bsz7Sy09cC9HM65l9ycMGZUacf5tgpr6xubW8Xt0s7u3v6BfXjUUVEiMWnjiEWyFyJFGBWkralmpBdLgnjISDec3GZ+94FIRSNxr6cx8TkaCTqkGGkjBfZJM0g9yWG9MfMYg82socAJ7LJTceaAq8TNSRnkaAX2lzeIcMKJ0JghpfquE2s/RVJTzMis5CWKxAhP0Ij0DRWIE+Wn8/tn8NwoAziMpCmh4Vz9vZEirtSUh2aSIz1Wy14m/uf1Ez288VMq4kQTgRcPDRMGdQSzMOCASoI1mxqCsKTmVojHSCKsTWQlE4K7/OVV0rmsuFeV6l21XKvncRTBKTgDF8AF16AGGqAF2gCDR/AMXsGb9WS9WO/Wx2K0YOU7x+APrM8fSQaU/g==</latexit>

MBH ⌧ M ⌧ a0

<latexit sha1_base64="QGhILN+hfxSA7clyhUCSTQkCZl0="></latexit>

gtt = a(r) =

✓
1� 2MBH

r

◆
e�

BH & halo: background
Background spacetime experiencing a “redshift” effect

<latexit sha1_base64="9x9Bu3Q5w6SvMKKLyXcvolM5frk="></latexit>
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3
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3
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1� M

a0
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M(M + 18MBH)

6a2
0

◆

<latexit sha1_base64="9J77WwSIt15CJbX8kipqNl4OR2I="></latexit>

MBH⌦ISCO ' 1

6
p
6

✓
1� M

a0
+

M(M + 396MBH)

6a20

◆

redshift factor
non-linear 
corrections

At the leading order the halo 
only redshifts the dynamics

<latexit sha1_base64="HFALi4pIQzoOXnTlZSfKxMsiH34=">AAACAnicbVDLSsNAFJ34rPUVdSVugkWoUEoivpalbropVLAPaEOYTCft0MkkzNyIJRQ3/oobF4q49Svc+TdOHwttPXDhcM693HuPH3OmwLa/jaXlldW19cxGdnNre2fX3NtvqCiRhNZJxCPZ8rGinAlaBwactmJJcehz2vQHN2O/eU+lYpG4g2FM3RD3BAsYwaAlzzzMV70O0AcQkQwxT8uVUQF7dqF66pk5u2hPYC0SZ0ZyaIaaZ351uhFJQiqAcKxU27FjcFMsgRFOR9lOomiMyQD3aFtTgUOq3HTywsg60UrXCiKpS4A1UX9PpDhUahj6ujPE0Ffz3lj8z2snEFy7KRNxAlSQ6aIg4RZE1jgPq8skJcCHmmAimb7VIn0sMQGdWlaH4My/vEgaZ0Xnsnhxe54rlWdxZNAROkZ55KArVEIVVEN1RNAjekav6M14Ml6Md+Nj2rpkzGYO0B8Ynz/U1pZt</latexit>

(MBH, a0,M)

Orbital frequencies



BH & halo: axial modes

<latexit sha1_base64="NwNAEwcPk5tILfck5MlUq3sudg0="></latexit>

V ax =
a(r)

r2


`(`+ 1)� 6m(r)

r
+m0(r)

�

How does the halo change the axial perturbations of the BH?

Schwz
M/a0=0.01
M/a0=0.1
M/a0=0.2
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0.00

0.05

0.10

0.15

r/MBH

V
(r
) Change in the scattering potential 

due to the halo compactness

The halo affects the structure of the potential, as well the boundary conditions of the wave 
propagation at the horizon and at infinity 

Homogenous and in-homogenous problems provide the set up to study QNM and EMRI 
dynamics 

axial modes are not coupled to fluid perturbations

Same functional form but…

<latexit sha1_base64="jGOxRdIraTuW8MhrGplaPxry/pY="></latexit>

d2R`m

dr2?
+ [!2 � V ax]R`m = Jax



Relative change in 
the axial flux v.s. 

vacuum 

<latexit sha1_base64="urU3Q7UVmuT+te8P5gqlexGcpyc=">AAACB3icbVDLSgNBEJyNrxhfUY+CDAbBU9gVX0fRi8cIRoXsEnpnJ8mQmdllplcMS25e/BUvHhTx6i9482+cxBx8FTQUVd10d8WZFBZ9/8MrTU3PzM6V5ysLi0vLK9XVtUub5obxJktlaq5jsFwKzZsoUPLrzHBQseRXcf905F/dcGNFqi9wkPFIQVeLjmCATmpXN0MrFN33/ZCGyG9Rp0aBLAwkArQdtqs1v+6PQf+SYEJqZIJGu/oeJinLFdfIJFjbCvwMowIMCib5sBLmlmfA+tDlLUc1KG6jYvzHkG47JaGd1LjSSMfq94kClLUDFbtOBdizv72R+J/XyrFzFBVCZzlyzb4WdXJJMaWjUGgiDGcoB44AM8LdSlkPDDB00VVcCMHvl/+Sy916cFDfO9+rHZ9M4iiTDbJFdkhADskxOSMN0iSM3JEH8kSevXvv0XvxXr9aS95kZp38gPf2Cau/mTo=</latexit>

⇠ 500 radians

The halo properties affect the GW emission and hence the EMRI inspiral 
evolution (already) at adiabatic level

1 year  
observation 

before 
the plunge 

The difference with vacuum grows with M

Suppression as M/a0  decreases

Difference << 1% as
look promising 

but…

<latexit sha1_base64="JetDoJEElRvLWzJNyMuaGI9JQ4Q=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSa+l0U3boQK9gFtDJPptB06mYSZiVJiP8WNC0Xc+iXu/BunbRbaeuDC4Zx7ufeeIOZMacf5tubmFxaXlnMr+dW19Y1Nu7BVU1EiCa2SiEeyEWBFORO0qpnmtBFLisOA03rQvxr59QcqFYvEnR7E1AtxV7AOI1gbybcLN4fYd1qKhch17tOD46FvF52SMwaaJW5GipCh4ttfrXZEkpAKTThWquk6sfZSLDUjnA7zrUTRGJM+7tKmoQKHVHnp+PQh2jNKG3UiaUpoNFZ/T6Q4VGoQBqYzxLqnpr2R+J/XTHTnwkuZiBNNBZks6iQc6QiNckBtJinRfGAIJpKZWxHpYYmJNmnlTQju9MuzpHZUcs9Kp7cnxfJlFkcOdmAX9sGFcyjDNVSgCgQe4Rle4c16sl6sd+tj0jpnZTPb8AfW5w8mapKn</latexit>

M/a0 ⇠ 10�3

BH & halo: axial modes



The redshift strikes back
Series expansion for low compactness 

<latexit sha1_base64="2An5JsQptqIIKDqLlemFhwmZaBU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKe5KUI9BL16ECOaByRJmJ51kyOzsMjMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupn6zSdUmkfywYxj9EM6kLzPGTVWerw7o123IwTxusWSW3ZnIMvEy0gJMtS6xa9OL2JJiNIwQbVue25s/JQqw5nASaGTaIwpG9EBti2VNETtp7OLJ+TEKj3Sj5QtachM/T2R0lDrcRjYzpCaoV70puJ/Xjsx/Ss/5TJODEo2X9RPBDERmb5PelwhM2JsCWWK21sJG1JFmbEhFWwI3uLLy6RxXvYuypX7Sql6ncWRhyM4hlPw4BKqcAs1qAMDCc/wCm+Odl6cd+dj3ppzsplD+APn8wcC24/Y</latexit>

M/a0 ⌧ 1

<latexit sha1_base64="1UbWgdvV5rcvHM/jLAJ7bCVvUik="></latexit>

V ax ⇡
✓
1� 2M

a0

◆
V ax
Schw

<latexit sha1_base64="WKnS1uwkiyfmGBK1l09CzTvvMpw="></latexit>

⌦p ! ⌦̃p = ⌦p

✓
1� M

a0

◆

<latexit sha1_base64="VcH6XaiuElLvfjOywqO5WerHLew="></latexit>

µ ! µ̃ = µ

✓
1 +

M

a0

◆
Equivalent to a vacuum solution  

with rescaled parameters  
(redshift of the BH mass scale)

<latexit sha1_base64="pHqByKGl2B88w7xedo3AJy8ZrT8="></latexit>

Jax
`m ⇡ µ

✓
1� 3M

a0

◆
Jax,Schw
`m

<latexit sha1_base64="YNfyINmtL+FE9X0YVzQNKQz5H2A="></latexit>
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<latexit sha1_base64="GM3VibjVrNU1SMNUuQYVQQh7CeY="></latexit>
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The redshift strikes back

Redshifted quantities drastically reduce the discrepancy for realistic halos

Unless new effects pop up in the polar sector, the halo seems undetectable

M=10MBH a0=10M
M=MBH a0=100M
M=100MBH a0=100M
M=100MBH a0=1000M
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(ℓ,)=(2,1)

vacuum 
redshifted

BH+halo

(2,1) axial flux emitted by an EMRI on circular motion

vacuum

fluxes tend to be smaller in the presence of the halo



BH & halo EMRI: polar modes
Polar sector is more challenging due (more variables &) couplings between 
matter and metric components

<latexit sha1_base64="yiLhJhR33+ISAA3iUNO2hOH5CnI=">AAACF3icbVDLSsNAFJ34rPUVdekmWARXJRFRN0LVjcuK9gFNKZPJTTs4eTBzI5aQv3Djr7hxoYhb3fk3TtsstPXA5R7OuZeZe7xEcIW2/W3MzS8sLi2XVsqra+sbm+bWdlPFqWTQYLGIZdujCgSPoIEcBbQTCTT0BLS8u8uR37oHqXgc3eIwgW5I+xEPOKOopZ5ZdQNJWea798CyZp5nvszPXIQH9ILsPC/ks3G/ycs9s2JX7TGsWeIUpEIK1Hvml+vHLA0hQiaoUh3HTrCbUYmcCcjLbqogoeyO9qGjaURDUN1sfFdu7WvFt4JY6orQGqu/NzIaKjUMPT0ZUhyoaW8k/ud1UgxOuxmPkhQhYpOHglRYGFujkCyfS2AohppQJrn+q8UGVAeFOspRCM70ybOkeVh1jqtH10eV2kURR4nskj1yQBxyQmrkitRJgzDySJ7JK3kznowX4934mIzOGcXODvkD4/MH5B2g/Q==</latexit>

d~V

dr
= A~V = ~S

System of 5 coupled differential equations for
<latexit sha1_base64="OqRwJTQI/PglsLb0qXUoNsPgIao=">AAACCXicbVDJSgNBEO1xjXEb9eilMQgRhjAjQb0IQS8BLxHMApkw9HRqkiY9C909gTDk6sVf8eJBEa/+gTf/xs5y0MQHBY/3qqiq5yecSWXb38bK6tr6xmZuK7+9s7u3bx4cNmScCgp1GvNYtHwigbMI6oopDq1EAAl9Dk1/cDvxm0MQksXRgxol0AlJL2IBo0RpyTOxOwSaNcbXxarnWFXPtu6spuV2gSviin585pkFu2RPgZeJMycFNEfNM7/cbkzTECJFOZGy7diJ6mREKEY5jPNuKiEhdEB60NY0IiHITjb9ZIxPtdLFQSx0RQpP1d8TGQmlHIW+7gyJ6stFbyL+57VTFVx1MhYlqYKIzhYFKccqxpNYcJcJoIqPNCFUMH0rpn0iCFU6vLwOwVl8eZk0zkvORal8Xy5UbuZx5NAxOkFF5KBLVEFVVEN1RNEjekav6M14Ml6Md+Nj1rpizGeO0B8Ynz+5MZh2</latexit>

~V = (H1, H0,K,W, �⇢)

<latexit sha1_base64="jHXzfSm6m9B+W+EmBt4BCE89uAs=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgupCSlqBuh6MZlBfuAJobJ5KYdOnkwMxFK6He48VfcuFDEnbjxb5y2WWjrgQuHc+7l3nv8lDOpLOvbWFpeWV1bL22UN7e2d3bNvf22TDJBoUUTnoiuTyRwFkNLMcWhmwogkc+h4w+vJ37nAYRkSXynRim4EenHLGSUKC15pu0EwBXBqZeLUwc4x9H4knq59MT4vlaYjhgkXl64nlmxqtYUeJHYBamgAk3P/HSChGYRxIpyImXPtlLl5kQoRjmMy04mISV0SPrQ0zQmEUg3n742xsdaCXCYCF2xwlP190ROIilHka87I6IGct6biP95vUyFF27O4jRTENPZojDjWCV4khMOmACq+EgTQgXTt2I6IIJQpdMs6xDs+ZcXSbtWtc+q9dt6pXFVxFFCh+gInSAbnaMGukFN1EIUPaJn9IrejCfjxXg3PmatS0Yxc4D+wPj6AW4ToSI=</latexit>
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(2,2) polar flux emitted by an EMRI on circular motion

vacuum 
redshifted

Redshift rescaling not enough to take 
into account shift in the fluxes

Matter couplings matter

deviations seem “promising” in 
terms of detectability  

new waveform 
models to build



Beyond GR



New fields for LISA? 
Typically, beyond GR theories feature extra fields or can be reformulated 
in terms of them 

Affects both generation and propagation mechanisms

Compact binaries can probe the existence  
of such new fields

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

Barausse+, PRL 116, 241104 (2016)

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

Witek+, PRD 99, 064035 (2019) 
Maggio +, 2212.09655  

Silva + PRD 107,  044030 (2023)

Abbott +, PRL 2112.06861 (2021)

What about binaries we expect to observe with LISA?



Beyond GR inspiral
pN map to specific theories of gravity
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2� � 5

same type may correspond to different physical effect when mapped to a given theory 
beyond GR

coupling’s theory can depend on the source’s properties

actual constraints can change due to scalings and/or correlations

<latexit sha1_base64="BDHgpsOW0Rv7oNtc+eD++0NJMUw="></latexit>

�(f) �! �(f) + �(M⇡f)(2��5)/3

typeamplitude



Constraints from next generation detectors S. Perkins+, PRD 103, 044024 (2021) 

dipole phase correction

Beyond GR inspiral

massive LISA 
sources

what do we learn?



In most scalar-tensor theories BHs feature no-hair theorems: same as in GR

For hairy BHs, the scalar field generally couples with high-order curvature terms,  
                 , i.e. features dimensionful couplings

GR deviations scale as 

It may be tempting to answer NOPE

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

(but superradiance/spin-induced scalarization) 
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⇠ (`/M)n

length scale of  
the coupling
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` ⇠ M�
astrophysical 
observations

New fields for LISA? 



Gauss Bonnet Chern Simons
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Massive graviton

Beyond GR inspiral



Scales & new families
LISA will observe old-and-new families of binaries 

Huge potential for new science cases and new challenges (problems) 

comparable mass 
binaries

(very) asymmetric 
binaries

most promising sources for fundamental 
physics for LISA 

sources to deeply focus for source 
modelling, systematics … 



The Setup 

Non-minimal 
coupling

Matter fields

Scalar field      non-minimally coupled to the gravity sectors

primary 
described by the 

Kerr metric

A.M. +, PRL 125, 14101 (2020)

secondary 
endowed with a 
scalar charge d

At the leading order Teukolsky 
waveforms are exact

1. Everything as in GR  but for fluxes
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Ė = ĖGR + d2�Ėd
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dEorb
2.     drives the dynamics
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d�(t)

dt
=

M1/2

r3/2 +M3/2�

3. and the waveforms

all changes captured by d
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Ė

already implemented in 
LISA pipelines



How much dephasing?

snr = 30

Potentially able to observe changes induced by scalar charges  

Difference between GR - GRd  phase evolution during the inspiral
A.M. +, Nature Astronomy 6, 4 464-470 (2022)



Overlap & Faithfulness

Potentially able to observe changes induced by scalar charges  

resolvability  
threshold



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 ~ 0.05 to be inconsistent with zero @ 3-

Bounds via a Fisher Matrix approach

Forecast on LISA bounds

A.M. +, Nature Astronomy 6, 4 464-470 (2022)



Forecast on LISA bounds
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S. Barsanti +, PRD 131, 051401,  (2023) Extension to massive scalar fields
The approach suits perfectly for massive scalars

First analysis on capability of EMRI & LISA simultaneously constrain mass and 
scalar charge of the secondary



Tracing back the couplings
A notable example: scalar Gauss-Bonnet (sGB) gravity 

n =2,

         generic function of the scalar field

                                                            Gauss Bonnet invariant

The scalar charge is proportional to the dimensionless coupling constant 

(exponential) (shift-symmetric)

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

Julie & Berti, PRD 100, 104610 (2019)



Fast EMRI Waveforms
We (Lorenzo Speri) are implementing non-GR waveforms into FEW

Perkins +, PRD 104 024060 (2021)  

Liu +, PRD 105 06400 (2022)

 Katz +, PRD 104 064047 (2021)

Fast generation of EMRI signals with generic orbits 

Tools for Bayesian analysis 
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Best LVC 
constraint 
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Lyu et al.

(106,10)M⊙ - χ=0.9 - T=1yr

(106,30)M⊙ - χ=0.9 - T=4yr

(106,30)M⊙ - χ=0.9 - T=1yr

(5×105,5)M⊙ - χ=0.95 - T=4yr

(5×106,5)M⊙ - χ=0.95 - T=4yr

(106,6.2)M⊙ - ℯ=0.5 - T=4yr

 Speri +, in preparation (2023)
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Prospects
Variety of studies supporting the idea that astro-fundamental-physics 
modifications to vacuum GR can be constrained by GW observations 

Final outcome depends on the physical effect considered (also affects the best family of 
binaries to exploit) 

Efforts in various directions, but waveform modelling is a long road 
ahead

relativistic calculations to pN templates suggest the relevance of such contributions

Modelling for asymmetric binaries is at infancy

Ab initio calculations provide a broader view (the redshift affair) 

Mismodelling can have little impact on astro-conclusions

Affect fundamental physics problems (beyond GR, BH nature…)

What about correlations between them ?



Back up



More general than it looks
Approach extended to generic density profiles
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⇢(r)Developed a fully numerical approach to treat any 
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⇢(r) = ⇢0(r/a0)
�� [1 + (r/a0)

↵](���)/↵
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Einasto

applied to new DM models

Hernquist & Navarro-Frenk-White Einasto

Changes with respect to vacuum can be interpreted in terms of a “redshift” scaling

geodesic 
frequency  

@ Light Ring
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M/a0 . 10�3

universal 
behaviour for

E. Figueiredo +, PRD 107, 104033, (2022)



More general than it looks
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Axial fluxes from EMRIs on circular orbits

vacuum 
redshifted

redshift (again) tends to suppress differences

E. Figueiredo +, PRD 107, 104033, (2022)



For the background spacetime, contributions to       are suppressed by 

The Setup 

Non-minimal 
coupling

Matter fields

any GR deviations must depend on

Assume BH solutions are  connected to GR solutions 

Scalar field      non-minimally coupled to the gravity sectors

q
n

2) Theories which evade no-hair  but have dimensionful coupling      with

1) Theories with no-hair theorems

primary space-time described by the Kerr metric

A.M. +, PRL 125, 14101 (2020)
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= qn⇣p ⌧ 1



The Setup 
Therefore, at the leading order in the mass ratio q

The small compact objects acts as a point particle moving on geodesics

The large black hole is described by the Kerr metric

The scalar is constant in the background spacetime

In a buffer zone in the small body world tube
scalar charge

Change in the EMRI dynamics universally captured by the scalar charge

The field’s equations



The GW energy flux
The full solutions at infinity/horizon are needed to compute the emitted 
gravitational wave fluxes

The total contribution

          enters at the same order in q as the GR leading dissipative contribution

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



The Waveform
The recipe to generate EMRI waveforms

Compute the total energy flux emitted by the binary

The flux drives the binary orbital evolution

Build the GW polarizations 

Given the source localization, construct the strain 

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

Universal family of waveforms to be tested against GR 



Forecast on LISA bounds: couplings
Map constraints on the charge to constraints on the coupling

Shift symmetric sGB

A.M. +, Nature Astronomy 6, 4 464-470 (2022)



ECO



Love from the Inspiral

Moving from zero: tidal parameters for Kerr BHs vanish 
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⇤ ⇠ k2M
5

agnostic constraints on comparable mass BBHs

different families of tidal quantities, as scalar tidal love numbers
L. Bernard + PRD 101, 021501 (2020)  

2

A. M. + PRL 120, 081101 (2018)  
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@ 2 Gpc

G. Piovano. + PRD 107, 024021 (2023)  

Tidal Love numbers are smoking gun signatures of horizonless objects 
(and BHs beyond GR)

LISA expected to provide the best constraints on tidal deformability

boost for EMRIs


