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Newtonian case

tidal field

• Poisson equation: 
<latexit sha1_base64="yAwsb990IVhzmkb43gUq/mYmZsg=">AAAB/HicbVDdSgJBGP3W/sz+trqMYEiCrmRXxIIIhC7q0iA1cE1mx1l3cHZnmZkNROymV+kmopuCnqFX6G0adW/UDgwczjnD933HTzhT2nF+rdzK6tr6Rn6zsLW9s7tn7x80lUgloQ0iuJAPPlaUs5g2NNOcPiSS4sjntOUPrid+64lKxUR8r4cJ7US4H7OAEayN1LWPvRj7HD+WkVcPGbpCFeQlDN0gT4YCde2iU3KmQMvEzUgRMtS79o/XEySNaKwJx0q1XSfRnRGWmhFOxwUvVTTBZID7dDRdfoxOjdRDgZDmxRpN1bkcjpQaRr5JRliHatGbiP957VQHF50Ri5NU05jMBgUpR1qgSROoxyQlmg8NwUQysyEiIZaYaNNXwZzuLh66TJrlklstVe8qxdplVkIejuAEzsCFc6jBLdShAQRe4A0+4ct6tl6td+tjFs1Z2Z9DmIP1/QdBLJJV</latexit>

→2! = 4ωGε

<latexit sha1_base64="WSTNyRMh+Q03+cng3YhJ6y03gZk=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9FWNBGaNMmUMgPULF541UH530wc18g4rZNRJuCflJ/oX/TqG+jdmDgcM4Z7j3Xj5U05Lq/TmZjc2t7J7ub29s/ODzKH5/UTZRogTURqUg3fW5QyRBrJElhM9bIA19hwx/dz/zGC2ojo/CJxjF2Aj4IZV8KTlaqPnbzBbfozsHWiZeSAqSodPM/7V4kkgBDEoob0/LcmDoTrkkKhdNcOzEYczHiA5zM15uyCyv1WD/S9oXE5upSjgfGjAPfJgNOQ7PqzcT/vFZC/dvORIZxQhiKxaB+ohhFbNaV9aRGQWpsCRda2g2ZGHLNBdmL5Gx1b7XoOqlfFb1SsVS9LpTv0iNk4QzO4RI8uIEyPEAFaiAA4Q0+4ct5dl6dd+djEc046Z9TWILz/QedPYiA</latexit>

M
<latexit sha1_base64="a1tEzWb62wI0TrkqggjqNxBAgkQ=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9FWNBGaNNSIz9AxeaNVx2c98HMfYGI2zYRbQr6Sf2F/k2jvo3agYHDOWe491w/VtKQ6/46mY3Nre2d7G5ub//g8Ch/fFI3UaIF1kSkIt30uUElQ6yRJIXNWCMPfIUNf3Q/8xsvqI2Mwicax9gJ+CCUfSk4Wan62M0X3KI7B1snXkoKkKLSzf+0e5FIAgxJKG5My3Nj6ky4JikUTnPtxGDMxYgPcDJfb8ourNRj/UjbFxKbq0s5HhgzDnybDDgNzao3E//zWgn1bzsTGcYJYSgWg/qJYhSxWVfWkxoFqbElXGhpN2RiyDUXZC+Ss9W91aLrpH5V9ErFUvW6UL5Lj5CFMziHS/DgBsrwABWogQCEN/iEL+fZeXXenY9FNOOkf05hCc73H6SfiIU=</latexit>

R

<latexit sha1_base64="8yduQPg5O5YEC+++ds0BN5JYqJ0="></latexit>

! = →G

∫
d3x→ ω(εx)

|εx→ εx→| +
∑

ω↑2,m

EωmrωYωm



Newtonian case
<latexit sha1_base64="WSTNyRMh+Q03+cng3YhJ6y03gZk=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9FWNBGaNMmUMgPULF541UH530wc18g4rZNRJuCflJ/oX/TqG+jdmDgcM4Z7j3Xj5U05Lq/TmZjc2t7J7ub29s/ODzKH5/UTZRogTURqUg3fW5QyRBrJElhM9bIA19hwx/dz/zGC2ojo/CJxjF2Aj4IZV8KTlaqPnbzBbfozsHWiZeSAqSodPM/7V4kkgBDEoob0/LcmDoTrkkKhdNcOzEYczHiA5zM15uyCyv1WD/S9oXE5upSjgfGjAPfJgNOQ7PqzcT/vFZC/dvORIZxQhiKxaB+ohhFbNaV9aRGQWpsCRda2g2ZGHLNBdmL5Gx1b7XoOqlfFb1SsVS9LpTv0iNk4QzO4RI8uIEyPEAFaiAA4Q0+4ct5dl6dd+djEc046Z9TWILz/QedPYiA</latexit>

M

tidal field

• Poisson equation: 
<latexit sha1_base64="yAwsb990IVhzmkb43gUq/mYmZsg=">AAAB/HicbVDdSgJBGP3W/sz+trqMYEiCrmRXxIIIhC7q0iA1cE1mx1l3cHZnmZkNROymV+kmopuCnqFX6G0adW/UDgwczjnD933HTzhT2nF+rdzK6tr6Rn6zsLW9s7tn7x80lUgloQ0iuJAPPlaUs5g2NNOcPiSS4sjntOUPrid+64lKxUR8r4cJ7US4H7OAEayN1LWPvRj7HD+WkVcPGbpCFeQlDN0gT4YCde2iU3KmQMvEzUgRMtS79o/XEySNaKwJx0q1XSfRnRGWmhFOxwUvVTTBZID7dDRdfoxOjdRDgZDmxRpN1bkcjpQaRr5JRliHatGbiP957VQHF50Ri5NU05jMBgUpR1qgSROoxyQlmg8NwUQysyEiIZaYaNNXwZzuLh66TJrlklstVe8qxdplVkIejuAEzsCFc6jBLdShAQRe4A0+4ct6tl6td+tjFs1Z2Z9DmIP1/QdBLJJV</latexit>

→2! = 4ωGε

<latexit sha1_base64="a1tEzWb62wI0TrkqggjqNxBAgkQ=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9FWNBGaNNSIz9AxeaNVx2c98HMfYGI2zYRbQr6Sf2F/k2jvo3agYHDOWe491w/VtKQ6/46mY3Nre2d7G5ub//g8Ch/fFI3UaIF1kSkIt30uUElQ6yRJIXNWCMPfIUNf3Q/8xsvqI2Mwicax9gJ+CCUfSk4Wan62M0X3KI7B1snXkoKkKLSzf+0e5FIAgxJKG5My3Nj6ky4JikUTnPtxGDMxYgPcDJfb8ourNRj/UjbFxKbq0s5HhgzDnybDDgNzao3E//zWgn1bzsTGcYJYSgWg/qJYhSxWVfWkxoFqbElXGhpN2RiyDUXZC+Ss9W91aLrpH5V9ErFUvW6UL5Lj5CFMziHS/DgBsrwABWogQCEN/iEL+fZeXXenY9FNOOkf05hCc73H6SfiIU=</latexit>

R

induced mass multipoles
<latexit sha1_base64="VYK76+iCKvWY2HRLDSpn9ZOGDlM=">AAACBXicbVDLSsNAFL3xWesr6tLNYFFclUSkCm4KbtwIbbEPaGqYTCbt0EkmzkyUUrp246+4EXGj4NZf8G9M22zaemDgzDn3MnOOF3OmtGX9GkvLK6tr67mN/ObW9s6uubffUCKRhNaJ4EK2PKwoZxGta6Y5bcWS4tDjtOn1r8d+85FKxUR0pwcx7YS4G7GAEaxTyTVPqq5DOUeOYiG6RbX76e0hwT5yaqzb01hK8eSaBatoTYAWiZ2RAmSouOaP4wuShDTShGOl2rYV684QS80Ip6O8kygaY9LHXTqcpBih41TyUSBkeiKNJurMHA6VGoReOhli3VPz3lj8z2snOrjsDFkUJ5pGZPpQkHCkBRpXgnwmKdF8kBJMJEt/iEgPS0x0Wlw+jW7PB10kjbOiXSqWqueF8lVWQg4O4QhOwYYLKMMNVKAOBF7gDT7hy3g2Xo1342M6umRkOwcwA+P7Dye8l4Y=</latexit>

Qω → MRω ↑

<latexit sha1_base64="8yduQPg5O5YEC+++ds0BN5JYqJ0="></latexit>

! = →G

∫
d3x→ ω(εx)

|εx→ εx→| +
∑

ω↑2,m

EωmrωYωm

<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢

<latexit sha1_base64="HVzbu79fP4MIjqktNrFDKv7+zX8=">AAACLHicbVDLSgMxAMzWV62vVY9egkUQKmW3SBW8FLx4KbRgH9KtJZtm29Bkd0myQln2l7z4E36AlyJeFPwO03YV2joQGGYmJDNuyKhUljUxMmvrG5tb2e3czu7e/oF5eNSUQSQwaeCABaLtIkkY9UlDUcVIOxQEcZeRlju6nfqtJyIkDfx7NQ5Jl6OBTz2KkdJSz6xCxxMIx7CaxCKBBejIiPdihzAGnQGBpQue/Ebqqc4TnX2c8YKdJPDhT++ZeatozQBXiZ2SPEhR65mvTj/AESe+wgxJ2bGtUHVjJBTFjCQ5J5IkRHiEBiSelU3gmZb60AuEPr6CM3Uhh7iUY+7qJEdqKJe9qfif14mUd92NqR9Givh4/pAXMagCOF0O9qkgWLGxJggLqn8I8RDpZZTeN6er28tFV0mzVLTLxXL9Ml+5SUfIghNwCs6BDa5ABdyBGmgADF7ABHyCL+PZeDPejY95NGOkd47BAozvH8/7pys=</latexit>

M

r
+

∑

ω→2,m

Qωm

rω+1
Yωm



Newtonian case

tidal field

• Linear response

• Poisson equation: 
<latexit sha1_base64="yAwsb990IVhzmkb43gUq/mYmZsg=">AAAB/HicbVDdSgJBGP3W/sz+trqMYEiCrmRXxIIIhC7q0iA1cE1mx1l3cHZnmZkNROymV+kmopuCnqFX6G0adW/UDgwczjnD933HTzhT2nF+rdzK6tr6Rn6zsLW9s7tn7x80lUgloQ0iuJAPPlaUs5g2NNOcPiSS4sjntOUPrid+64lKxUR8r4cJ7US4H7OAEayN1LWPvRj7HD+WkVcPGbpCFeQlDN0gT4YCde2iU3KmQMvEzUgRMtS79o/XEySNaKwJx0q1XSfRnRGWmhFOxwUvVTTBZID7dDRdfoxOjdRDgZDmxRpN1bkcjpQaRr5JRliHatGbiP957VQHF50Ri5NU05jMBgUpR1qgSROoxyQlmg8NwUQysyEiIZaYaNNXwZzuLh66TJrlklstVe8qxdplVkIejuAEzsCFc6jBLdShAQRe4A0+4ct6tl6td+tjFs1Z2Z9DmIP1/QdBLJJV</latexit>

→2! = 4ωGε

<latexit sha1_base64="WSTNyRMh+Q03+cng3YhJ6y03gZk=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9FWNBGaNMmUMgPULF541UH530wc18g4rZNRJuCflJ/oX/TqG+jdmDgcM4Z7j3Xj5U05Lq/TmZjc2t7J7ub29s/ODzKH5/UTZRogTURqUg3fW5QyRBrJElhM9bIA19hwx/dz/zGC2ojo/CJxjF2Aj4IZV8KTlaqPnbzBbfozsHWiZeSAqSodPM/7V4kkgBDEoob0/LcmDoTrkkKhdNcOzEYczHiA5zM15uyCyv1WD/S9oXE5upSjgfGjAPfJgNOQ7PqzcT/vFZC/dvORIZxQhiKxaB+ohhFbNaV9aRGQWpsCRda2g2ZGHLNBdmL5Gx1b7XoOqlfFb1SsVS9LpTv0iNk4QzO4RI8uIEyPEAFaiAA4Q0+4ct5dl6dd+djEc046Z9TWILz/QedPYiA</latexit>

M
<latexit sha1_base64="a1tEzWb62wI0TrkqggjqNxBAgkQ=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9FWNBGaNNSIz9AxeaNVx2c98HMfYGI2zYRbQr6Sf2F/k2jvo3agYHDOWe491w/VtKQ6/46mY3Nre2d7G5ub//g8Ch/fFI3UaIF1kSkIt30uUElQ6yRJIXNWCMPfIUNf3Q/8xsvqI2Mwicax9gJ+CCUfSk4Wan62M0X3KI7B1snXkoKkKLSzf+0e5FIAgxJKG5My3Nj6ky4JikUTnPtxGDMxYgPcDJfb8ourNRj/UjbFxKbq0s5HhgzDnybDDgNzao3E//zWgn1bzsTGcYJYSgWg/qJYhSxWVfWkxoFqbElXGhpN2RiyDUXZC+Ss9W91aLrpH5V9ErFUvW6UL5Lj5CFMziHS/DgBsrwABWogQCEN/iEL+fZeXXenY9FNOOkf05hCc73H6SfiIU=</latexit>

R

induced mass multipoles

linear tidal Love number

<latexit sha1_base64="VYK76+iCKvWY2HRLDSpn9ZOGDlM=">AAACBXicbVDLSsNAFL3xWesr6tLNYFFclUSkCm4KbtwIbbEPaGqYTCbt0EkmzkyUUrp246+4EXGj4NZf8G9M22zaemDgzDn3MnOOF3OmtGX9GkvLK6tr67mN/ObW9s6uubffUCKRhNaJ4EK2PKwoZxGta6Y5bcWS4tDjtOn1r8d+85FKxUR0pwcx7YS4G7GAEaxTyTVPqq5DOUeOYiG6RbX76e0hwT5yaqzb01hK8eSaBatoTYAWiZ2RAmSouOaP4wuShDTShGOl2rYV684QS80Ip6O8kygaY9LHXTqcpBih41TyUSBkeiKNJurMHA6VGoReOhli3VPz3lj8z2snOrjsDFkUJ5pGZPpQkHCkBRpXgnwmKdF8kBJMJEt/iEgPS0x0Wlw+jW7PB10kjbOiXSqWqueF8lVWQg4O4QhOwYYLKMMNVKAOBF7gDT7hy3g2Xo1342M6umRkOwcwA+P7Dye8l4Y=</latexit>

Qω → MRω ↑

<latexit sha1_base64="TVXm+KdHHBO8MDIA//SLzu/vplU="></latexit>

Qωm = ωωEωm = kω
R2ω+1

G
Eωm

<latexit sha1_base64="8yduQPg5O5YEC+++ds0BN5JYqJ0="></latexit>

! = →G

∫
d3x→ ω(εx)

|εx→ εx→| +
∑

ω↑2,m

EωmrωYωm

<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢

<latexit sha1_base64="HVzbu79fP4MIjqktNrFDKv7+zX8=">AAACLHicbVDLSgMxAMzWV62vVY9egkUQKmW3SBW8FLx4KbRgH9KtJZtm29Bkd0myQln2l7z4E36AlyJeFPwO03YV2joQGGYmJDNuyKhUljUxMmvrG5tb2e3czu7e/oF5eNSUQSQwaeCABaLtIkkY9UlDUcVIOxQEcZeRlju6nfqtJyIkDfx7NQ5Jl6OBTz2KkdJSz6xCxxMIx7CaxCKBBejIiPdihzAGnQGBpQue/Ebqqc4TnX2c8YKdJPDhT++ZeatozQBXiZ2SPEhR65mvTj/AESe+wgxJ2bGtUHVjJBTFjCQ5J5IkRHiEBiSelU3gmZb60AuEPr6CM3Uhh7iUY+7qJEdqKJe9qfif14mUd92NqR9Givh4/pAXMagCOF0O9qkgWLGxJggLqn8I8RDpZZTeN6er28tFV0mzVLTLxXL9Ml+5SUfIghNwCs6BDa5ABdyBGmgADF7ABHyCL+PZeDPejY95NGOkd47BAozvH8/7pys=</latexit>

M

r
+

∑

ω→2,m

Qωm

rω+1
Yωm

<latexit sha1_base64="lAQa0MHsC4k1l/X0hgLMBbhJj+Q="></latexit>

! = →GM

r
→

∑

ω→2,m

rωEωmYωm

[
1 + kω

(
R

r

)2ω+1
]



Newtonian case

tidal field

• Linear response

• Poisson equation: 
<latexit sha1_base64="yAwsb990IVhzmkb43gUq/mYmZsg=">AAAB/HicbVDdSgJBGP3W/sz+trqMYEiCrmRXxIIIhC7q0iA1cE1mx1l3cHZnmZkNROymV+kmopuCnqFX6G0adW/UDgwczjnD933HTzhT2nF+rdzK6tr6Rn6zsLW9s7tn7x80lUgloQ0iuJAPPlaUs5g2NNOcPiSS4sjntOUPrid+64lKxUR8r4cJ7US4H7OAEayN1LWPvRj7HD+WkVcPGbpCFeQlDN0gT4YCde2iU3KmQMvEzUgRMtS79o/XEySNaKwJx0q1XSfRnRGWmhFOxwUvVTTBZID7dDRdfoxOjdRDgZDmxRpN1bkcjpQaRr5JRliHatGbiP957VQHF50Ri5NU05jMBgUpR1qgSROoxyQlmg8NwUQysyEiIZaYaNNXwZzuLh66TJrlklstVe8qxdplVkIejuAEzsCFc6jBLdShAQRe4A0+4ct6tl6td+tjFs1Z2Z9DmIP1/QdBLJJV</latexit>

→2! = 4ωGε

<latexit sha1_base64="WSTNyRMh+Q03+cng3YhJ6y03gZk=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9FWNBGaNMmUMgPULF541UH530wc18g4rZNRJuCflJ/oX/TqG+jdmDgcM4Z7j3Xj5U05Lq/TmZjc2t7J7ub29s/ODzKH5/UTZRogTURqUg3fW5QyRBrJElhM9bIA19hwx/dz/zGC2ojo/CJxjF2Aj4IZV8KTlaqPnbzBbfozsHWiZeSAqSodPM/7V4kkgBDEoob0/LcmDoTrkkKhdNcOzEYczHiA5zM15uyCyv1WD/S9oXE5upSjgfGjAPfJgNOQ7PqzcT/vFZC/dvORIZxQhiKxaB+ohhFbNaV9aRGQWpsCRda2g2ZGHLNBdmL5Gx1b7XoOqlfFb1SsVS9LpTv0iNk4QzO4RI8uIEyPEAFaiAA4Q0+4ct5dl6dd+djEc046Z9TWILz/QedPYiA</latexit>

M
<latexit sha1_base64="a1tEzWb62wI0TrkqggjqNxBAgkQ=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9FWNBGaNNSIz9AxeaNVx2c98HMfYGI2zYRbQr6Sf2F/k2jvo3agYHDOWe491w/VtKQ6/46mY3Nre2d7G5ub//g8Ch/fFI3UaIF1kSkIt30uUElQ6yRJIXNWCMPfIUNf3Q/8xsvqI2Mwicax9gJ+CCUfSk4Wan62M0X3KI7B1snXkoKkKLSzf+0e5FIAgxJKG5My3Nj6ky4JikUTnPtxGDMxYgPcDJfb8ourNRj/UjbFxKbq0s5HhgzDnybDDgNzao3E//zWgn1bzsTGcYJYSgWg/qJYhSxWVfWkxoFqbElXGhpN2RiyDUXZC+Ss9W91aLrpH5V9ErFUvW6UL5Lj5CFMziHS/DgBsrwABWogQCEN/iEL+fZeXXenY9FNOOkf05hCc73H6SfiIU=</latexit>

R

induced mass quadrupole

<latexit sha1_base64="iMYN78I77Hx1g8O9jXNNKQI88vY="></latexit>

Q2 = ω2E2 = k2
R5

G
E2

<latexit sha1_base64="Yp8V7i2l7rT69P1RJCCsLeRg7zo=">AAAB/3icbVDLSgMxFM34rPU16tJNsAiuykyRKrgpuHEjtMU+oFOHTCbThmYeJneUUrpw46+4EXGj4B/4C/6NaTubth4IHM454d57vERwBZb1a6ysrq1vbOa28ts7u3v75sFhU8WppKxBYxHLtkcUEzxiDeAgWDuRjISeYC1vcD3xW49MKh5HdzBMWDckvYgHnBLQkmvimlvCjuIhvsX1e00fUuJjp857fSBSxk+uWbCK1hR4mdgZKaAMVdf8cfyYpiGLgAqiVMe2EuiOiAROBRvnnVSxhNAB6bHRdP8xPtWSj4NY6hcBnqpzORIqNQw9nQwJ9NWiNxH/8zopBJfdEY+SFFhEZ4OCVGCI8aQM7HPJKIihJoRKrjfEtE8koaAry+vT7cVDl0mzVLTLxXLtvFC5ykrIoWN0gs6QjS5QBd2gKmogil7QG/pEX8az8Wq8Gx+z6IqR/TlCczC+/wDLYJR8</latexit>

Q2 → MR2 ↑

linear tidal Love number

<latexit sha1_base64="8yduQPg5O5YEC+++ds0BN5JYqJ0="></latexit>

! = →G

∫
d3x→ ω(εx)

|εx→ εx→| +
∑

ω↑2,m

EωmrωYωm

<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢

<latexit sha1_base64="HVzbu79fP4MIjqktNrFDKv7+zX8=">AAACLHicbVDLSgMxAMzWV62vVY9egkUQKmW3SBW8FLx4KbRgH9KtJZtm29Bkd0myQln2l7z4E36AlyJeFPwO03YV2joQGGYmJDNuyKhUljUxMmvrG5tb2e3czu7e/oF5eNSUQSQwaeCABaLtIkkY9UlDUcVIOxQEcZeRlju6nfqtJyIkDfx7NQ5Jl6OBTz2KkdJSz6xCxxMIx7CaxCKBBejIiPdihzAGnQGBpQue/Ebqqc4TnX2c8YKdJPDhT++ZeatozQBXiZ2SPEhR65mvTj/AESe+wgxJ2bGtUHVjJBTFjCQ5J5IkRHiEBiSelU3gmZb60AuEPr6CM3Uhh7iUY+7qJEdqKJe9qfif14mUd92NqR9Givh4/pAXMagCOF0O9qkgWLGxJggLqn8I8RDpZZTeN6er28tFV0mzVLTLxXL9Ml+5SUfIghNwCs6BDa5ABdyBGmgADF7ABHyCL+PZeDPejY95NGOkd47BAozvH8/7pys=</latexit>

M

r
+

∑

ω→2,m

Qωm

rω+1
Yωm

<latexit sha1_base64="fwejJ9/5PmQAHcTuLTqANn4aBmI="></latexit>

! = →GM

r
→ r2E2Y20

[
1 + k2

(
R

r

)5
]



Newtonian case

<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢

tidal field

• Quadratic response

• Poisson equation: 
<latexit sha1_base64="yAwsb990IVhzmkb43gUq/mYmZsg=">AAAB/HicbVDdSgJBGP3W/sz+trqMYEiCrmRXxIIIhC7q0iA1cE1mx1l3cHZnmZkNROymV+kmopuCnqFX6G0adW/UDgwczjnD933HTzhT2nF+rdzK6tr6Rn6zsLW9s7tn7x80lUgloQ0iuJAPPlaUs5g2NNOcPiSS4sjntOUPrid+64lKxUR8r4cJ7US4H7OAEayN1LWPvRj7HD+WkVcPGbpCFeQlDN0gT4YCde2iU3KmQMvEzUgRMtS79o/XEySNaKwJx0q1XSfRnRGWmhFOxwUvVTTBZID7dDRdfoxOjdRDgZDmxRpN1bkcjpQaRr5JRliHatGbiP957VQHF50Ri5NU05jMBgUpR1qgSROoxyQlmg8NwUQysyEiIZaYaNNXwZzuLh66TJrlklstVe8qxdplVkIejuAEzsCFc6jBLdShAQRe4A0+4ct6tl6td+tjFs1Z2Z9DmIP1/QdBLJJV</latexit>

→2! = 4ωGε

<latexit sha1_base64="WSTNyRMh+Q03+cng3YhJ6y03gZk=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9FWNBGaNMmUMgPULF541UH530wc18g4rZNRJuCflJ/oX/TqG+jdmDgcM4Z7j3Xj5U05Lq/TmZjc2t7J7ub29s/ODzKH5/UTZRogTURqUg3fW5QyRBrJElhM9bIA19hwx/dz/zGC2ojo/CJxjF2Aj4IZV8KTlaqPnbzBbfozsHWiZeSAqSodPM/7V4kkgBDEoob0/LcmDoTrkkKhdNcOzEYczHiA5zM15uyCyv1WD/S9oXE5upSjgfGjAPfJgNOQ7PqzcT/vFZC/dvORIZxQhiKxaB+ohhFbNaV9aRGQWpsCRda2g2ZGHLNBdmL5Gx1b7XoOqlfFb1SsVS9LpTv0iNk4QzO4RI8uIEyPEAFaiAA4Q0+4ct5dl6dd+djEc046Z9TWILz/QedPYiA</latexit>

M
<latexit sha1_base64="a1tEzWb62wI0TrkqggjqNxBAgkQ=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9FWNBGaNNSIz9AxeaNVx2c98HMfYGI2zYRbQr6Sf2F/k2jvo3agYHDOWe491w/VtKQ6/46mY3Nre2d7G5ub//g8Ch/fFI3UaIF1kSkIt30uUElQ6yRJIXNWCMPfIUNf3Q/8xsvqI2Mwicax9gJ+CCUfSk4Wan62M0X3KI7B1snXkoKkKLSzf+0e5FIAgxJKG5My3Nj6ky4JikUTnPtxGDMxYgPcDJfb8ourNRj/UjbFxKbq0s5HhgzDnybDDgNzao3E//zWgn1bzsTGcYJYSgWg/qJYhSxWVfWkxoFqbElXGhpN2RiyDUXZC+Ss9W91aLrpH5V9ErFUvW6UL5Lj5CFMziHS/DgBsrwABWogQCEN/iEL+fZeXXenY9FNOOkf05hCc73H6SfiIU=</latexit>

R

induced mass quadrupole

<latexit sha1_base64="xowbsxUL5iQtxdGRNP+ufEMlfMA=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VwVZIgtSBCQUQ3QhX7gKYNk8mkHTp5MDMRSsjvuPFHXLgRcaGC3+I07aatFwYO55x779zjxowKaRhfWmFldW19o7hZ2tre2d3T9w9aIko4Jk0csYh3XCQIoyFpSioZ6cScoMBlpO2OriZ6+4lwQaPwUY5j0gvQIKQ+xUgqytGvYWrnU1JOvAzaTLV6yEkty8oyCOHlvB47ljL5HOH0oV/L0pu+Be8y6Ohlo2LkBZeBOQNlMKuGo7/aXoSTgIQSMyRE1zRi2UsRlxQzkpXsRJAY4REakDRfn8ETRXnQj7h6oYQ5O+dDgRDjwFXOAMmhWNQm5H9aN5F+rZfSME4kCfF0kZ8wKCM4SQx6lBMs2VgBhDlVP4R4iFQEUuVaUqebi4cug5ZVMauV6v1ZuX4xC6EIjsAxOAUmOAd1cAsaoAkweAHv4Bv8aM/am/ahfU6tBW3WcwjmSvv9A+Oco3Q=</latexit>

ω222 = p2
R8

G2M

<latexit sha1_base64="Yp8V7i2l7rT69P1RJCCsLeRg7zo=">AAAB/3icbVDLSgMxFM34rPU16tJNsAiuykyRKrgpuHEjtMU+oFOHTCbThmYeJneUUrpw46+4EXGj4B/4C/6NaTubth4IHM454d57vERwBZb1a6ysrq1vbOa28ts7u3v75sFhU8WppKxBYxHLtkcUEzxiDeAgWDuRjISeYC1vcD3xW49MKh5HdzBMWDckvYgHnBLQkmvimlvCjuIhvsX1e00fUuJjp857fSBSxk+uWbCK1hR4mdgZKaAMVdf8cfyYpiGLgAqiVMe2EuiOiAROBRvnnVSxhNAB6bHRdP8xPtWSj4NY6hcBnqpzORIqNQw9nQwJ9NWiNxH/8zopBJfdEY+SFFhEZ4OCVGCI8aQM7HPJKIihJoRKrjfEtE8koaAry+vT7cVDl0mzVLTLxXLtvFC5ykrIoWN0gs6QjS5QBd2gKmogil7QG/pEX8az8Wq8Gx+z6IqR/TlCczC+/wDLYJR8</latexit>

Q2 → MR2 ↑

<latexit sha1_base64="EflhrNgazWGUn7stQPAvhOCATwo="></latexit>

Q2 = �2E2 + �222E2E2 = k2
R5

G
E2 + p2

R8

G2M
E2E2

quadratic tidal Love number

<latexit sha1_base64="8yduQPg5O5YEC+++ds0BN5JYqJ0="></latexit>

! = →G

∫
d3x→ ω(εx)

|εx→ εx→| +
∑

ω↑2,m

EωmrωYωm

<latexit sha1_base64="HVzbu79fP4MIjqktNrFDKv7+zX8=">AAACLHicbVDLSgMxAMzWV62vVY9egkUQKmW3SBW8FLx4KbRgH9KtJZtm29Bkd0myQln2l7z4E36AlyJeFPwO03YV2joQGGYmJDNuyKhUljUxMmvrG5tb2e3czu7e/oF5eNSUQSQwaeCABaLtIkkY9UlDUcVIOxQEcZeRlju6nfqtJyIkDfx7NQ5Jl6OBTz2KkdJSz6xCxxMIx7CaxCKBBejIiPdihzAGnQGBpQue/Ebqqc4TnX2c8YKdJPDhT++ZeatozQBXiZ2SPEhR65mvTj/AESe+wgxJ2bGtUHVjJBTFjCQ5J5IkRHiEBiSelU3gmZb60AuEPr6CM3Uhh7iUY+7qJEdqKJe9qfif14mUd92NqR9Givh4/pAXMagCOF0O9qkgWLGxJggLqn8I8RDpZZTeN6er28tFV0mzVLTLxXL9Ml+5SUfIghNwCs6BDa5ABdyBGmgADF7ABHyCL+PZeDPejY95NGOkd47BAozvH8/7pys=</latexit>

M

r
+

∑

ω→2,m

Qωm

rω+1
Yωm

<latexit sha1_base64="Za/fMRpsE2DnCh2XcSsACAlDErI="></latexit>

! = →GM

r
→ r2E2Y20

[
1 + k2

(
R

r

)5

+ E2
p2
GM

R8

r5

]



Relativistic case

<latexit sha1_base64="CRX8p00CCT8YYxJYFLvfrhTn7B8=">AAAB+HicbVDLSgMxFL1TX7W+Rl2Jm2ARXJUZkSq4KbhxWcU+oFNKJpNpQzOTaZJRain+ihsRNwp+hb/g35i2s2nrgcDhnBPuvcdPOFPacX6t3Mrq2vpGfrOwtb2zu2fvH9SVSCWhNSK4kE0fK8pZTGuaaU6biaQ48jlt+P2bid94pFIxET/oYULbEe7GLGQEayN17CNvMEhxgLx71u1pLKV4QjOpYxedkjMFWiZuRoqQodqxf7xAkDSisSYcK9VynUS3R1hqRjgdF7xU0QSTPu7S0XTxMTo1UoBCIc2LNZqqczkcKTWMfJOMsO6pRW8i/ue1Uh1etUcsTlJNYzIbFKYcaYEmLaCASUo0HxqCiWRmQ0R6WGKiTVcFc7q7eOgyqZ+X3HKpfHdRrFxnJeThGE7gDFy4hArcQhVqQOAF3uATvqxn69V6tz5m0ZyV/TmEOVjff+ODkwk=</latexit>→

<latexit sha1_base64="6fnwpHd0slhGJqnwa3Z8eWiYVkM=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBbS2ZTKYNzUyG5I5Qhn6FGxE3Cv6Lv+DfmLazaeuBwOGcE+4910+kMOi6v05hY3Nre6e4W9rbPzg8Kh+ftIxKNeNNpqTSHZ8aLkXMmyhQ8k6iOY18ydv++H7mt1+4NkLFTzhJeD+iw1iEglG00nMv4BIpGQ4yxCkZlCtu1Z2DrBMvJxXI0RiUf3qBYmnEY2SSGtP13AT7GdUomOTTUi81PKFsTIc8m+86JRdWCkiotH0xkrm6lKORMZPIt8mI4sisejPxP6+bYnjbz0ScpMhjthgUppKgIrPiJBCaM5QTSyjTwm5I2IhqytCep2Sre6tF10nrqurVqrXH60r9Lj9CEc7gHC7BgxuowwM0oAkMNLzBJ3w5kfPqvDsfi2jByf+cwhKc7z8A4I4B</latexit>

�gtt
<latexit sha1_base64="xodcagQxQIwhu5+Wn46UJOPyjBM=">AAAB8HicbVDLSsNAFL3xWesr1aWbwSK4KolIFdwU3LisYB/QlDCZTNqhkwczN0oJ/Q83Im4U/BJ/wb9x+ti09cDA4Zwz3HtukEmh0XF+rY3Nre2d3dJeef/g8OjYrpy0dZorxlsslanqBlRzKRLeQoGSdzPFaRxI3glG91O/88yVFmnyhOOM92M6SEQkGEUj+XbFC7lESgZ+gV42FBPi21Wn5sxA1om7IFVYoOnbP16YsjzmCTJJte65Tob9gioUTPJJ2cs1zygb0QEvZgtPyIWRQhKlyrwEyUxdytFY63EcmGRMcahXvan4n9fLMbrtFyLJcuQJmw+KckkwJdP2JBSKM5RjQyhTwmxI2JAqytDcqGyqu6tF10n7qubWa/XH62rjbnGEEpzBOVyCCzfQgAdoQgsYvMAbfMKXpaxX6936mEc3rMWfU1iC9f0HroaPeQ==</latexit>

�gt�polar & axial perts
<latexit sha1_base64="RwONPVp/49j9EaplXnpGZHcKBxs=">AAACC3icbVDLSsNAANzUV62vqEcvi0XwICURqaKXghePVewDmhI2m026dJNN96GU0E/w4q94EfGiIPgL/o1pGw9tHVgYZmbZnfESRqWyrB+jsLS8srpWXC9tbG5t75i7e03JtcCkgTnjou0hSRiNSUNRxUg7EQRFHiMtr3899lsPREjK43s1TEg3QmFMA4qRyiTXPHHqPQqdwUAjHzp3NOwpJAR//JNCN3UiDZ1Yj+Cla5atijUBXCR2TsogR901vx2fYx2RWGGGpOzYVqK6KRKKYkZGJUdLkiDcRyFJJ11G8CiTfBhwkZ1YwYk6k0ORlMPIy5IRUj05743F/7yOVsFFN6VxohWJ8fShQDOoOBwPA30qCFZsmBGEBc1+CHEPCYRVNl8pq27PF10kzdOKXa1Ub8/Ktat8hCI4AIfgGNjgHNTADaiDBsDgGbyCD/BpPBkvxpvxPo0WjPzOPpiB8fULFl+aOQ==</latexit>

� ) gµ⌫ :
<latexit sha1_base64="XnU7VTXnQLR5xbyO00HX1gmKf0k=">AAACTnicbVFbSwJBGJ01LbOb1WMvH0nQS7IbYUIIQg/2aOINXFlmx1kdnL0wMxuI+P967KWH/kgvETVewFY7MHC+c765fGfciDOpTPPDSO2kM7t72f3cweHR8Un+9Kwtw1gQ2iIhD0XXxZJyFtCWYorTbiQo9l1OO+74ce53XqiQLAyaahLRvo+HAfMYwUpLTj6sOVPbj8EO4hn0huuiDxVorMukdQO2JzCxbuGPDI3kARUogx0xqEFzrTr5glk0F4BtYq1IAa1Qd/Kv9iAksU8DRTiWsmeZkepPsVCMcDrL2bGkESZjPKTTRRwzuNLSALxQ6BUoWKiJPuxLOfFd3eljNZKb3lz8z+vFyiv3pyyIYkUDsrzIizmoEObZwoAJShSfaIKJYPqFQEZYB6X0D+T06NbmoNukfVu0SsXS812h+rAKIYsu0CW6Rha6R1X0hOqohQh6R19G2sgYb8an8W38LFtTxmrPOUoglf0FTJGwmA==</latexit>

Gµ⌫ [gµ⌫ ] = Rµ⌫ [gµ⌫ ]�
1

2
gµ⌫R[gµ⌫ ] = 8⇡GTµ⌫

<latexit sha1_base64="yAwsb990IVhzmkb43gUq/mYmZsg=">AAAB/HicbVDdSgJBGP3W/sz+trqMYEiCrmRXxIIIhC7q0iA1cE1mx1l3cHZnmZkNROymV+kmopuCnqFX6G0adW/UDgwczjnD933HTzhT2nF+rdzK6tr6Rn6zsLW9s7tn7x80lUgloQ0iuJAPPlaUs5g2NNOcPiSS4sjntOUPrid+64lKxUR8r4cJ7US4H7OAEayN1LWPvRj7HD+WkVcPGbpCFeQlDN0gT4YCde2iU3KmQMvEzUgRMtS79o/XEySNaKwJx0q1XSfRnRGWmhFOxwUvVTTBZID7dDRdfoxOjdRDgZDmxRpN1bkcjpQaRr5JRliHatGbiP957VQHF50Ri5NU05jMBgUpR1qgSROoxyQlmg8NwUQysyEiIZaYaNNXwZzuLh66TJrlklstVe8qxdplVkIejuAEzsCFc6jBLdShAQRe4A0+4ct6tl6td+tjFs1Z2Z9DmIP1/QdBLJJV</latexit>

r2� = 4⇡G⇢

• Metric and general relativity:



Relativistic case
• Metric and general relativity:

<latexit sha1_base64="CRX8p00CCT8YYxJYFLvfrhTn7B8=">AAAB+HicbVDLSgMxFL1TX7W+Rl2Jm2ARXJUZkSq4KbhxWcU+oFNKJpNpQzOTaZJRain+ihsRNwp+hb/g35i2s2nrgcDhnBPuvcdPOFPacX6t3Mrq2vpGfrOwtb2zu2fvH9SVSCWhNSK4kE0fK8pZTGuaaU6biaQ48jlt+P2bid94pFIxET/oYULbEe7GLGQEayN17CNvMEhxgLx71u1pLKV4QjOpYxedkjMFWiZuRoqQodqxf7xAkDSisSYcK9VynUS3R1hqRjgdF7xU0QSTPu7S0XTxMTo1UoBCIc2LNZqqczkcKTWMfJOMsO6pRW8i/ue1Uh1etUcsTlJNYzIbFKYcaYEmLaCASUo0HxqCiWRmQ0R6WGKiTVcFc7q7eOgyqZ+X3HKpfHdRrFxnJeThGE7gDFy4hArcQhVqQOAF3uATvqxn69V6tz5m0ZyV/TmEOVjff+ODkwk=</latexit>→

<latexit sha1_base64="6fnwpHd0slhGJqnwa3Z8eWiYVkM=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBbS2ZTKYNzUyG5I5Qhn6FGxE3Cv6Lv+DfmLazaeuBwOGcE+4910+kMOi6v05hY3Nre6e4W9rbPzg8Kh+ftIxKNeNNpqTSHZ8aLkXMmyhQ8k6iOY18ydv++H7mt1+4NkLFTzhJeD+iw1iEglG00nMv4BIpGQ4yxCkZlCtu1Z2DrBMvJxXI0RiUf3qBYmnEY2SSGtP13AT7GdUomOTTUi81PKFsTIc8m+86JRdWCkiotH0xkrm6lKORMZPIt8mI4sisejPxP6+bYnjbz0ScpMhjthgUppKgIrPiJBCaM5QTSyjTwm5I2IhqytCep2Sre6tF10nrqurVqrXH60r9Lj9CEc7gHC7BgxuowwM0oAkMNLzBJ3w5kfPqvDsfi2jByf+cwhKc7z8A4I4B</latexit>

�gtt
<latexit sha1_base64="xodcagQxQIwhu5+Wn46UJOPyjBM=">AAAB8HicbVDLSsNAFL3xWesr1aWbwSK4KolIFdwU3LisYB/QlDCZTNqhkwczN0oJ/Q83Im4U/BJ/wb9x+ti09cDA4Zwz3HtukEmh0XF+rY3Nre2d3dJeef/g8OjYrpy0dZorxlsslanqBlRzKRLeQoGSdzPFaRxI3glG91O/88yVFmnyhOOM92M6SEQkGEUj+XbFC7lESgZ+gV42FBPi21Wn5sxA1om7IFVYoOnbP16YsjzmCTJJte65Tob9gioUTPJJ2cs1zygb0QEvZgtPyIWRQhKlyrwEyUxdytFY63EcmGRMcahXvan4n9fLMbrtFyLJcuQJmw+KckkwJdP2JBSKM5RjQyhTwmxI2JAqytDcqGyqu6tF10n7qubWa/XH62rjbnGEEpzBOVyCCzfQgAdoQgsYvMAbfMKXpaxX6936mEc3rMWfU1iC9f0HroaPeQ==</latexit>

�gt�polar & axial perts
<latexit sha1_base64="RwONPVp/49j9EaplXnpGZHcKBxs=">AAACC3icbVDLSsNAANzUV62vqEcvi0XwICURqaKXghePVewDmhI2m026dJNN96GU0E/w4q94EfGiIPgL/o1pGw9tHVgYZmbZnfESRqWyrB+jsLS8srpWXC9tbG5t75i7e03JtcCkgTnjou0hSRiNSUNRxUg7EQRFHiMtr3899lsPREjK43s1TEg3QmFMA4qRyiTXPHHqPQqdwUAjHzp3NOwpJAR//JNCN3UiDZ1Yj+Cla5atijUBXCR2TsogR901vx2fYx2RWGGGpOzYVqK6KRKKYkZGJUdLkiDcRyFJJ11G8CiTfBhwkZ1YwYk6k0ORlMPIy5IRUj05743F/7yOVsFFN6VxohWJ8fShQDOoOBwPA30qCFZsmBGEBc1+CHEPCYRVNl8pq27PF10kzdOKXa1Ub8/Ktat8hCI4AIfgGNjgHNTADaiDBsDgGbyCD/BpPBkvxpvxPo0WjPzOPpiB8fULFl+aOQ==</latexit>

� ) gµ⌫ :
<latexit sha1_base64="XnU7VTXnQLR5xbyO00HX1gmKf0k=">AAACTnicbVFbSwJBGJ01LbOb1WMvH0nQS7IbYUIIQg/2aOINXFlmx1kdnL0wMxuI+P967KWH/kgvETVewFY7MHC+c765fGfciDOpTPPDSO2kM7t72f3cweHR8Un+9Kwtw1gQ2iIhD0XXxZJyFtCWYorTbiQo9l1OO+74ce53XqiQLAyaahLRvo+HAfMYwUpLTj6sOVPbj8EO4hn0huuiDxVorMukdQO2JzCxbuGPDI3kARUogx0xqEFzrTr5glk0F4BtYq1IAa1Qd/Kv9iAksU8DRTiWsmeZkepPsVCMcDrL2bGkESZjPKTTRRwzuNLSALxQ6BUoWKiJPuxLOfFd3eljNZKb3lz8z+vFyiv3pyyIYkUDsrzIizmoEObZwoAJShSfaIKJYPqFQEZYB6X0D+T06NbmoNukfVu0SsXS812h+rAKIYsu0CW6Rha6R1X0hOqohQh6R19G2sgYb8an8W38LFtTxmrPOUoglf0FTJGwmA==</latexit>

Gµ⌫ [gµ⌫ ] = Rµ⌫ [gµ⌫ ]�
1

2
gµ⌫R[gµ⌫ ] = 8⇡GTµ⌫

<latexit sha1_base64="yAwsb990IVhzmkb43gUq/mYmZsg=">AAAB/HicbVDdSgJBGP3W/sz+trqMYEiCrmRXxIIIhC7q0iA1cE1mx1l3cHZnmZkNROymV+kmopuCnqFX6G0adW/UDgwczjnD933HTzhT2nF+rdzK6tr6Rn6zsLW9s7tn7x80lUgloQ0iuJAPPlaUs5g2NNOcPiSS4sjntOUPrid+64lKxUR8r4cJ7US4H7OAEayN1LWPvRj7HD+WkVcPGbpCFeQlDN0gT4YCde2iU3KmQMvEzUgRMtS79o/XEySNaKwJx0q1XSfRnRGWmhFOxwUvVTTBZID7dDRdfoxOjdRDgZDmxRpN1bkcjpQaRr5JRliHatGbiP957VQHF50Ri5NU05jMBgUpR1qgSROoxyQlmg8NwUQysyEiIZaYaNNXwZzuLh66TJrlklstVe8qxdplVkIejuAEzsCFc6jBLdShAQRe4A0+4ct6tl6td+tjFs1Z2Z9DmIP1/QdBLJJV</latexit>

r2� = 4⇡G⇢
<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢

<latexit sha1_base64="WH2L/Ct5CannWPcj0AIgDQXmll4=">AAACB3icbVDLSsNAANzUV62vqEcvi0XoqSQiVRCh4EGPFWwtNCFstpt26WYT9iGU0A/w4q94EfGi4M1f8G/cpgFp68DCMDPL7kyYMiqV4/xYpZXVtfWN8mZla3tnd8/eP+jIRAtM2jhhieiGSBJGOWkrqhjppoKgOGTkIRxdT/2HRyIkTfi9GqfEj9GA04hipIwU2DUvRALeBJkXa+hxPYE9mEuDP8mHV9AJ7KpTd3LAZeIWpAoKtAL72+snWMeEK8yQlD3XSZWfIaEoZmRS8bQkKcIjNCBZ3mMCT4zUh1EizOEK5upcDsVSjuPQJGOkhnLRm4r/eT2togs/ozzVinA8eyjSDKoETkeBfSoIVmxsCMKCmh9CPEQCYWWmq5jq7mLRZdI5rbuNeuPurNq8LEYogyNwDGrABeegCW5BC7QBBs/gFXyAT+vJerHerPdZtGQVdw7BHKyvX3YIl4c=</latexit>

Ḡµω [ḡµω ] = 0
<latexit sha1_base64="yMJdwYKIE0CwyWD3Fr9yhffA5vI=">AAAB9HicbVDLSsNAFL3xWesrKq7cDBbBVUlEquCm4MZlBfuApoTJZNIOnTyYuSmU0D9xI+JGwe/wF/wbp49NWw8MHM45w733BJkUGh3n19rY3Nre2S3tlfcPDo+O7ZPTlk5zxXiTpTJVnYBqLkXCmyhQ8k6mOI0DydvB8HHqt0dcaZEmLzjOeC+m/UREglE0km+feyGXSIkXUEX6fkEQyYT4dsWpOjOQdeIuSAUWaPj2jxemLI95gkxSrbuuk2GvoAoFk3xS9nLNM8qGtM+L2dITcmWkkESpMi9BMlOXcjTWehwHJhlTHOhVbyr+53VzjO57hUiyHHnC5oOiXBJMybQBEgrFGcqxIZQpYTYkbEAVZWh6KpvT3dVD10nrpurWqrXn20r9YVFCCS7gEq7BhTuowxM0oAkMCniDT/iyRtar9W59zKMb1uLPGSzB+v4DgfyQaQ==</latexit>

ωḡtttidal field solution of regular at the origin

 non-linearitiesrs /r• Nonlinearities:

<latexit sha1_base64="JCIUBqvgyTMHY9KPtl5+Yil8iNQ="></latexit>

ωgtt =
rs
r

+ r2E2Y20

[(
1 + a1

rs
r

+ . . .
)
+ k2

R5

r5

(
1 + b1

rs
r

+ . . .
)]



Relativistic case

<latexit sha1_base64="CRX8p00CCT8YYxJYFLvfrhTn7B8=">AAAB+HicbVDLSgMxFL1TX7W+Rl2Jm2ARXJUZkSq4KbhxWcU+oFNKJpNpQzOTaZJRain+ihsRNwp+hb/g35i2s2nrgcDhnBPuvcdPOFPacX6t3Mrq2vpGfrOwtb2zu2fvH9SVSCWhNSK4kE0fK8pZTGuaaU6biaQ48jlt+P2bid94pFIxET/oYULbEe7GLGQEayN17CNvMEhxgLx71u1pLKV4QjOpYxedkjMFWiZuRoqQodqxf7xAkDSisSYcK9VynUS3R1hqRjgdF7xU0QSTPu7S0XTxMTo1UoBCIc2LNZqqczkcKTWMfJOMsO6pRW8i/ue1Uh1etUcsTlJNYzIbFKYcaYEmLaCASUo0HxqCiWRmQ0R6WGKiTVcFc7q7eOgyqZ+X3HKpfHdRrFxnJeThGE7gDFy4hArcQhVqQOAF3uATvqxn69V6tz5m0ZyV/TmEOVjff+ODkwk=</latexit>→

<latexit sha1_base64="6fnwpHd0slhGJqnwa3Z8eWiYVkM=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBbS2ZTKYNzUyG5I5Qhn6FGxE3Cv6Lv+DfmLazaeuBwOGcE+4910+kMOi6v05hY3Nre6e4W9rbPzg8Kh+ftIxKNeNNpqTSHZ8aLkXMmyhQ8k6iOY18ydv++H7mt1+4NkLFTzhJeD+iw1iEglG00nMv4BIpGQ4yxCkZlCtu1Z2DrBMvJxXI0RiUf3qBYmnEY2SSGtP13AT7GdUomOTTUi81PKFsTIc8m+86JRdWCkiotH0xkrm6lKORMZPIt8mI4sisejPxP6+bYnjbz0ScpMhjthgUppKgIrPiJBCaM5QTSyjTwm5I2IhqytCep2Sre6tF10nrqurVqrXH60r9Lj9CEc7gHC7BgxuowwM0oAkMNLzBJ3w5kfPqvDsfi2jByf+cwhKc7z8A4I4B</latexit>

�gtt
<latexit sha1_base64="xodcagQxQIwhu5+Wn46UJOPyjBM=">AAAB8HicbVDLSsNAFL3xWesr1aWbwSK4KolIFdwU3LisYB/QlDCZTNqhkwczN0oJ/Q83Im4U/BJ/wb9x+ti09cDA4Zwz3HtukEmh0XF+rY3Nre2d3dJeef/g8OjYrpy0dZorxlsslanqBlRzKRLeQoGSdzPFaRxI3glG91O/88yVFmnyhOOM92M6SEQkGEUj+XbFC7lESgZ+gV42FBPi21Wn5sxA1om7IFVYoOnbP16YsjzmCTJJte65Tob9gioUTPJJ2cs1zygb0QEvZgtPyIWRQhKlyrwEyUxdytFY63EcmGRMcahXvan4n9fLMbrtFyLJcuQJmw+KckkwJdP2JBSKM5RjQyhTwmxI2JAqytDcqGyqu6tF10n7qubWa/XH62rjbnGEEpzBOVyCCzfQgAdoQgsYvMAbfMKXpaxX6936mEc3rMWfU1iC9f0HroaPeQ==</latexit>

�gt�polar & axial perts
<latexit sha1_base64="RwONPVp/49j9EaplXnpGZHcKBxs=">AAACC3icbVDLSsNAANzUV62vqEcvi0XwICURqaKXghePVewDmhI2m026dJNN96GU0E/w4q94EfGiIPgL/o1pGw9tHVgYZmbZnfESRqWyrB+jsLS8srpWXC9tbG5t75i7e03JtcCkgTnjou0hSRiNSUNRxUg7EQRFHiMtr3899lsPREjK43s1TEg3QmFMA4qRyiTXPHHqPQqdwUAjHzp3NOwpJAR//JNCN3UiDZ1Yj+Cla5atijUBXCR2TsogR901vx2fYx2RWGGGpOzYVqK6KRKKYkZGJUdLkiDcRyFJJ11G8CiTfBhwkZ1YwYk6k0ORlMPIy5IRUj05743F/7yOVsFFN6VxohWJ8fShQDOoOBwPA30qCFZsmBGEBc1+CHEPCYRVNl8pq27PF10kzdOKXa1Ub8/Ktat8hCI4AIfgGNjgHNTADaiDBsDgGbyCD/BpPBkvxpvxPo0WjPzOPpiB8fULFl+aOQ==</latexit>

� ) gµ⌫ :
<latexit sha1_base64="XnU7VTXnQLR5xbyO00HX1gmKf0k=">AAACTnicbVFbSwJBGJ01LbOb1WMvH0nQS7IbYUIIQg/2aOINXFlmx1kdnL0wMxuI+P967KWH/kgvETVewFY7MHC+c765fGfciDOpTPPDSO2kM7t72f3cweHR8Un+9Kwtw1gQ2iIhD0XXxZJyFtCWYorTbiQo9l1OO+74ce53XqiQLAyaahLRvo+HAfMYwUpLTj6sOVPbj8EO4hn0huuiDxVorMukdQO2JzCxbuGPDI3kARUogx0xqEFzrTr5glk0F4BtYq1IAa1Qd/Kv9iAksU8DRTiWsmeZkepPsVCMcDrL2bGkESZjPKTTRRwzuNLSALxQ6BUoWKiJPuxLOfFd3eljNZKb3lz8z+vFyiv3pyyIYkUDsrzIizmoEObZwoAJShSfaIKJYPqFQEZYB6X0D+T06NbmoNukfVu0SsXS812h+rAKIYsu0CW6Rha6R1X0hOqohQh6R19G2sgYb8an8W38LFtTxmrPOUoglf0FTJGwmA==</latexit>

Gµ⌫ [gµ⌫ ] = Rµ⌫ [gµ⌫ ]�
1

2
gµ⌫R[gµ⌫ ] = 8⇡GTµ⌫

<latexit sha1_base64="yAwsb990IVhzmkb43gUq/mYmZsg=">AAAB/HicbVDdSgJBGP3W/sz+trqMYEiCrmRXxIIIhC7q0iA1cE1mx1l3cHZnmZkNROymV+kmopuCnqFX6G0adW/UDgwczjnD933HTzhT2nF+rdzK6tr6Rn6zsLW9s7tn7x80lUgloQ0iuJAPPlaUs5g2NNOcPiSS4sjntOUPrid+64lKxUR8r4cJ7US4H7OAEayN1LWPvRj7HD+WkVcPGbpCFeQlDN0gT4YCde2iU3KmQMvEzUgRMtS79o/XEySNaKwJx0q1XSfRnRGWmhFOxwUvVTTBZID7dDRdfoxOjdRDgZDmxRpN1bkcjpQaRr5JRliHatGbiP957VQHF50Ri5NU05jMBgUpR1qgSROoxyQlmg8NwUQysyEiIZaYaNNXwZzuLh66TJrlklstVe8qxdplVkIejuAEzsCFc6jBLdShAQRe4A0+4ct6tl6td+tjFs1Z2Z9DmIP1/QdBLJJV</latexit>

r2� = 4⇡G⇢
<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢

<latexit sha1_base64="WH2L/Ct5CannWPcj0AIgDQXmll4=">AAACB3icbVDLSsNAANzUV62vqEcvi0XoqSQiVRCh4EGPFWwtNCFstpt26WYT9iGU0A/w4q94EfGi4M1f8G/cpgFp68DCMDPL7kyYMiqV4/xYpZXVtfWN8mZla3tnd8/eP+jIRAtM2jhhieiGSBJGOWkrqhjppoKgOGTkIRxdT/2HRyIkTfi9GqfEj9GA04hipIwU2DUvRALeBJkXa+hxPYE9mEuDP8mHV9AJ7KpTd3LAZeIWpAoKtAL72+snWMeEK8yQlD3XSZWfIaEoZmRS8bQkKcIjNCBZ3mMCT4zUh1EizOEK5upcDsVSjuPQJGOkhnLRm4r/eT2togs/ozzVinA8eyjSDKoETkeBfSoIVmxsCMKCmh9CPEQCYWWmq5jq7mLRZdI5rbuNeuPurNq8LEYogyNwDGrABeegCW5BC7QBBs/gFXyAT+vJerHerPdZtGQVdw7BHKyvX3YIl4c=</latexit>

Ḡµω [ḡµω ] = 0
<latexit sha1_base64="yMJdwYKIE0CwyWD3Fr9yhffA5vI=">AAAB9HicbVDLSsNAFL3xWesrKq7cDBbBVUlEquCm4MZlBfuApoTJZNIOnTyYuSmU0D9xI+JGwe/wF/wbp49NWw8MHM45w733BJkUGh3n19rY3Nre2S3tlfcPDo+O7ZPTlk5zxXiTpTJVnYBqLkXCmyhQ8k6mOI0DydvB8HHqt0dcaZEmLzjOeC+m/UREglE0km+feyGXSIkXUEX6fkEQyYT4dsWpOjOQdeIuSAUWaPj2jxemLI95gkxSrbuuk2GvoAoFk3xS9nLNM8qGtM+L2dITcmWkkESpMi9BMlOXcjTWehwHJhlTHOhVbyr+53VzjO57hUiyHHnC5oOiXBJMybQBEgrFGcqxIZQpYTYkbEAVZWh6KpvT3dVD10nrpurWqrXn20r9YVFCCS7gEq7BhTuowxM0oAkMCniDT/iyRtar9W59zKMb1uLPGSzB+v4DgfyQaQ==</latexit>

ωḡtttidal field solution of regular at the origin

 non-linearitiesrs /r• Nonlinearities:

quadratic tidal field

<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢

quadratic Love number

<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢
• Expression not-gauge invariant. Ambiguity in definition of Love numbers. [e.g. Gralla ’17]

[Poisson ‘20 & Poisson & Pitre ’25]

• Controlled expansion parameters:

• Metric and general relativity:

<latexit sha1_base64="6WDD3GLPHRt5rxd1DrAvgPDsnTA=">AAACHnicbVBLSwMxGMzWV62vVY9egkXwVHdFquDBgggeq9gHdGvJpt+2odkHSVYoy/4XL/4VEUS8KOi/Mdvupa0DgWFmQjLjRpxJZVm/RmFpeWV1rbhe2tjc2t4xd/eaMowFhQYNeSjaLpHAWQANxRSHdiSA+C6Hlju6zvzWEwjJwuBBjSPo+mQQMI9RorTUM69ET+LEoYTjm/QxsU8c4DzFDufY8QShifbTRCwo95kC2O6ZZatiTYAXiZ2TMspR75lvTj+ksQ+BopxI2bGtSHUTIhSjHNKSE0uICB2RASSTeik+0lIfe6HQJ1B4os7kiC/l2Hd10idqKOe9TPzP68TKu+gmLIhiBQGdPuTFHKsQZ1vhPhNAFR9rQqhg+oeYDoneQOlFS7q6PV90kTRPK3a1Ur07K9cu8xGK6AAdomNko3NUQ7eojhqIohf0jr7Qt/FsvBofxuc0WjDyO/toBsbPH8X+og4=</latexit>

rsE1/ω → rs
r

→ rs
R

↑ 1

<latexit sha1_base64="JCIUBqvgyTMHY9KPtl5+Yil8iNQ="></latexit>

ωgtt =
rs
r

+ r2E2Y20

[(
1 + a1

rs
r

+ . . .
)
+ k2

R5

r5

(
1 + b1

rs
r

+ . . .
)]

<latexit sha1_base64="WKZ28e+BZ5HpKiGawt5imJFFfkY="></latexit>

→ r4E2E2Y20

[
(1 + · · · ) + k2

R5

r5
(1 + · · · ) + k22

R10

r10
(1 + · · · ) + p2

GM

R8

r7
(1 + · · · )

]



Worldline EFT
• EFT of self-interacting gravitons coupled to classical worldline sources

• From afar, everything looks point-like and localized on a center-of-mass worldline  xμ(λ)
<latexit sha1_base64="jZHO929NnFnuibfnAliJ+044GFE=">AAAB7nicbVDJSgNBFHwTtxiXjHr00hiEeAkzIlHwEvDiMYJZIBNDT09P0qRnoRcxhPyGFxEvCn6Kv+Df2JnMJYkFDUVVPfrV81POpHKcX6uwsbm1vVPcLe3tHxyW7aPjtky0ILRFEp6Iro8l5SymLcUUp91UUBz5nHb88d3c7zxTIVkSP6pJSvsRHsYsZAQrIw3s8suTF2lU9biZCfDFwK44NScDWiduTiqQozmwf7wgITqisSIcS9lznVT1p1goRjidlTwtaYrJGA/pNFt3hs6NFKAwEebFCmXqUg5HUk4i3yQjrEZy1ZuL/3k9rcKb/pTFqVY0JouPQs2RStC8OwqYoETxiSGYCGY2RGSEBSbKXKhkqrurRddJ+7Lm1mv1h6tK4zY/QhFO4Qyq4MI1NOAemtACAhre4BO+rNR6td6tj0W0YOUzJ7AE6/sPkPGOMg==</latexit>

xµ(�)
<latexit sha1_base64="+ERotA1FJ8ZehDmlLToMwVOK4p0=">AAAB+HicbVDLSgNBEOz1GdfXqifxMhgET2FXJApeAl48RjEPSMIyO5lNhsw+mOkVYgj+ihcRLwp+hb/g3zib5JLEgoGiqoburiCVQqPr/lorq2vrG5uFLXt7Z3dv3zk4rOskU4zXWCIT1Qyo5lLEvIYCJW+mitMokLwRDG5zv/HElRZJ/IjDlHci2otFKBhFI/nOsfI1aUuutRaR/WCoJIoQm9i+U3RL7gRkmXgzUoQZqr7z0+4mLIt4jExSrVuem2JnRBUKJvnYbmeap5QNaI+PJouPyZmRuiRMlHkxkok6l6OR1sMoMMmIYl8vern4n9fKMLzujEScZshjNh0UZpJgQvIWSFcozlAODaFMCbMhYX2qKEPTVX66t3joMqlflLxyqXx/WazczEoowAmcwjl4cAUVuIMq1IDBC7zBJ3xZz9ar9W59TKMr1uzPEczB+v4DiLGQyg==</latexit>
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• Integrating out multipoles

• From afar, everything looks point-like and localized on a center-of-mass worldline  xμ(λ)
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linear response + quadratic + …

• Micro-structure modelled as series of multipole moments

[Goldberger & Rothstein ’04 + many others!]Worldline EFT

[De Luca, Khoury, Wong ’23]
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Coordinate-independent definition of Love numbers

• Micro-structure modelled as series of multipole moments

[Goldberger & Rothstein ’04 + many others!]Worldline EFT
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FIG. 4. Top panel: The approximately EoS-independent relation
among the quadratic and linear Love numbers, normalized by suitable
powers of the mass. Bottom panel: relative deviation from the fit (77),
i.e. ! =

∣∣∣1→ G!222/(Gm)7

Y (X)

∣∣∣, where X = log
[
G!2/(Gm)5].
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FIG. 5. Feynman diagrams needed to compute the contribution of the
nonlinear Love number to the waveform. Dashed lines correspond
to exchange of potential gravitons propagating instantaneously while
wavy lines represent radiated graviton. Diagrams (a), (b) and (c)
contribute to the bound energy, while (d), (e) and (f) are needed to
compute the energy flux. One should add the equivalent diagrams
given by the swapping of the two objects to obtain the full result.

masses m1 and m2 and total mass

M ↑ m1 +m2 . (78)

A. Binding energy, fluxes, and GW phase

We first compute the total contribution of tidal effects to
the binding energy EB. We then compute the energy flux

carried away by the GW, FE . For circular orbits, these two
quantities are functions of the orbital frequency ∀ . Introducing
the standard dimensionless PN parameter x ↑ (GM∀)2/3, we
can write the evolution of the orbital phase # of the binary as

dx
dt

=→ FE(x)
dEB(x)/dx

,
d#
dt

=
x3/2

GM
. (79)

In order to compute EB(x) and FE(x), we use the EFT
framework of Ref. [44] (see, e.g., [46, 77, 78] for reviews). In
particular, we consider two objects described by the actions (2)
and (3) and split the gravitational field into a potential mode
and a radiation mode. We then introduce the usual diagram-
matic conventions for the propagators of the potential and
radiation modes, i.e.,

↑ potential graviton ,
↑ radiation graviton .

The binding energy can be obtained by integrating out the
potential modes, i.e., by evaluating all tree-level diagrams
built solely from potential-field propagators. For our purposes,
we require only the leading Newtonian contribution. This
is obtained from diagram (a) in Fig. 5, together with the
linear and nonlinear tidal-response contributions represented
by diagrams (b) and (c) of the same figure, respectively.
Explicitly, we find

EB =→Gm1m2

ro
→

6G2! (1)
2 m2

2
ro6 +

6G3! (1)
222m3

2
ro9 +(1 ↓ 2) ,

(80)
where we have introduced the orbital distance ro. Here,
! (1)

2 and ! (1)
222 are respectively the linear and nonlinear Love

numbers of the object m1.
To determine the flux, we evaluate the pseudo stress-energy

tensor T µ∃ that incorporates the nonlinear gravitational con-
tributions of the potential gravitons generated by the Ein-
stein–Hilbert action and the worldline couplings. Its coupling
to the radiation graviton h̄µ∃ is given by

→ 1
2MPl

∫
d3xT µ∃ h̄µ∃ . (81)

In particular, we extract the leading PN contributions to T µ∃

arising from the point-particle action and from the linear and
quadratic tidal deformations, corresponding to diagrams (d),
(e), and (f) in Fig. 5, respectively. With this at hand, we can
then compute the total quadrupole moment of the binary Ii j as
follows

Ii j =
∫

d3x x↔ix j↗T 00

=

[
m1m2

M
ro

2 +12! (1)
2

Gm2

ro3 →9! (1)
222

G2m2
2

ro6 +(1 ↓ 2)
]

n↔io n j↗
o ,

(82)

where angular brackets denote trace-subtracted symmetriza-
tion of the enclosed indices and ni

o is the unit vector pointing
from one object in the binary system to the other. Given the

• Balance law for circular orbits:

 binding energy ⇒ E

 pseudo stress-energy tensor

 binary quadrupole moment


 energy flux 

⇒
⇒

⇒ ℱ
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Ė = →F
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FIG. 4. Top panel: The approximately EoS-independent relation
among the quadratic and linear Love numbers, normalized by suitable
powers of the mass. Bottom panel: relative deviation from the fit (77),
i.e. ! =

∣∣∣1→ G!222/(Gm)7

Y (X)

∣∣∣, where X = log
[
G!2/(Gm)5].

m1

m2

(a)

λ (1)
2

m2

(b)

λ (1)
222

m2

(c)

m1

(d)

λ (1)
2

m2

(e)

λ (1)
222

m2

(f)

FIG. 5. Feynman diagrams needed to compute the contribution of the
nonlinear Love number to the waveform. Dashed lines correspond
to exchange of potential gravitons propagating instantaneously while
wavy lines represent radiated graviton. Diagrams (a), (b) and (c)
contribute to the bound energy, while (d), (e) and (f) are needed to
compute the energy flux. One should add the equivalent diagrams
given by the swapping of the two objects to obtain the full result.

masses m1 and m2 and total mass

M ↑ m1 +m2 . (78)

A. Binding energy, fluxes, and GW phase

We first compute the total contribution of tidal effects to
the binding energy EB. We then compute the energy flux

carried away by the GW, FE . For circular orbits, these two
quantities are functions of the orbital frequency ∀ . Introducing
the standard dimensionless PN parameter x ↑ (GM∀)2/3, we
can write the evolution of the orbital phase # of the binary as

dx
dt

=→ FE(x)
dEB(x)/dx

,
d#
dt

=
x3/2

GM
. (79)

In order to compute EB(x) and FE(x), we use the EFT
framework of Ref. [44] (see, e.g., [46, 77, 78] for reviews). In
particular, we consider two objects described by the actions (2)
and (3) and split the gravitational field into a potential mode
and a radiation mode. We then introduce the usual diagram-
matic conventions for the propagators of the potential and
radiation modes, i.e.,

↑ potential graviton ,
↑ radiation graviton .

The binding energy can be obtained by integrating out the
potential modes, i.e., by evaluating all tree-level diagrams
built solely from potential-field propagators. For our purposes,
we require only the leading Newtonian contribution. This
is obtained from diagram (a) in Fig. 5, together with the
linear and nonlinear tidal-response contributions represented
by diagrams (b) and (c) of the same figure, respectively.
Explicitly, we find

EB =→Gm1m2

ro
→

6G2! (1)
2 m2

2
ro6 +

6G3! (1)
222m3

2
ro9 +(1 ↓ 2) ,

(80)
where we have introduced the orbital distance ro. Here,
! (1)

2 and ! (1)
222 are respectively the linear and nonlinear Love

numbers of the object m1.
To determine the flux, we evaluate the pseudo stress-energy

tensor T µ∃ that incorporates the nonlinear gravitational con-
tributions of the potential gravitons generated by the Ein-
stein–Hilbert action and the worldline couplings. Its coupling
to the radiation graviton h̄µ∃ is given by

→ 1
2MPl

∫
d3xT µ∃ h̄µ∃ . (81)

In particular, we extract the leading PN contributions to T µ∃

arising from the point-particle action and from the linear and
quadratic tidal deformations, corresponding to diagrams (d),
(e), and (f) in Fig. 5, respectively. With this at hand, we can
then compute the total quadrupole moment of the binary Ii j as
follows

Ii j =
∫

d3x x↔ix j↗T 00

=

[
m1m2

M
ro

2 +12! (1)
2

Gm2

ro3 →9! (1)
222

G2m2
2

ro6 +(1 ↓ 2)
]

n↔io n j↗
o ,

(82)

where angular brackets denote trace-subtracted symmetriza-
tion of the enclosed indices and ni

o is the unit vector pointing
from one object in the binary system to the other. Given the

• Balance law for circular orbits:

 binding energy ⇒ E

 pseudo stress-energy tensor

 binary quadrupole moment


 energy flux 

⇒
⇒

⇒ ℱ

<latexit sha1_base64="U+XglL4JPnJLFIUnXKEpEOJVKpI=">AAAB8nicbVDLSgMxFL1TX7W+Rrt0EyyCG8uMSBVEKIjisoJ9QFtKJs20oZkHyR2hDP0RNyJuFPwQf8G/MW1n09YDgcM5J8k914ul0Og4v1ZubX1jcyu/XdjZ3ds/sA+PGjpKFON1FslItTyquRQhr6NAyVux4jTwJG96o7up33zhSosofMZxzLsBHYTCF4yikXp2sdOPkNyTW3JO0g6jkjxMenbJKTszkFXiZqQEGWo9+8e8wpKAh8gk1brtOjF2U6pQMMknhU6ieUzZiA54Oht5Qk6N1Cd+pMwJkczUhRwNtB4HnkkGFId62ZuK/3ntBP3rbirCOEEesvlHfiIJRmTan/SF4gzl2BDKlDATEjakijI0WyqY6u5y0VXSuCi7lXLl6bJUvcmWkIdjOIEzcOEKqvAINagDgzG8wSd8WWi9Wu/Wxzyas7I7RViA9f0H5hiO1A==</latexit>

Ė = →F

• Waveform phase:

<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢

point particle
<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢ <latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢

linear Love quadratic Love

[Henry, Faye, Blanchet ’20; 

Mandal, Mastrolia, et al. ’24]<latexit sha1_base64="n0NXojuWFPXFN+yJXK3an5PdCoU="></latexit>

ω(f) = 2εftc +
3

128ϑv5

[
1 + #v2 + . . .#v8 +#!Lv

10(1 + #v2 +#v4)→#!Qv
16

]

<latexit sha1_base64="owQ1k+Ur1YK1tP7dhKyHBKQ2LAA=">AAAB+HicbVDLSgMxFL1TX7W+Rl2Jm2AR2k2dUamCCAUXuhEq2Ae0tWTSTBuaeZBkCnUo/oobETcKfoW/4N+YtrNp64HA4ZwT7r3HCTmTyrJ+jdTS8srqWno9s7G5tb1j7u5VZRAJQisk4IGoO1hSznxaUUxxWg8FxZ7Dac3p34z92oAKyQL/UQ1D2vJw12cuI1hpqW0eDFDOzaNrlGuGDN2ie+Tmn2L75GzUNrNWwZoALRI7IVlIUG6bP81OQCKP+opwLGXDtkLVirFQjHA6yjQjSUNM+rhL48niI3SspQ5yA6Gfr9BEnclhT8qh5+ikh1VPzntj8T+vESn3shUzP4wU9cl0kBtxpAI0bgF1mKBE8aEmmAimN0SkhwUmSneV0afb84cukuppwS4Wig/n2dJVUkIaDuEIcmDDBZTgDspQAQIv8Aaf8GU8G6/Gu/ExjaaM5M8+zMD4/gMa9Y/n</latexit>

v(f) = (ωGMf)1/3

Flanagan & Hinderer ’07  

Pani et al. ‘25

<latexit sha1_base64="PnPa5GDM/pErdQUD1AlyvEG0TTs="></latexit>

!L =
(M1 + 12M2)M4

1 [k2/C
5]1 + (1 → 2)

(M1 +M2)5

<latexit sha1_base64="DMIdj3g6OA5tkKAqA+gVj5ngypU="></latexit>

!Q =
(M1 + 35M2)M5

1 [p2/C
8]1 + (1 → 2)

(M1 +M2)6
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<latexit sha1_base64="HKyTUw4xeCbggsy6Ooc+IRtlgQM=">AAACCXicbVBNS8MwAE3n15xfVY9egkMQD6MdOgUvg1087DDBfcC6lTRLt7CkLUk6GKW/wIt/xYuIFwUv/gX/jdnWyzYfBB7vvZC850WMSmVZv0ZuY3Nreye/W9jbPzg8Mo9PWjKMBSZNHLJQdDwkCaMBaSqqGOlEgiDuMdL2xrWZ354QIWkYPKlpRHocDQPqU4yUllzzyokkdRNHcFivp9CRlEPHFwgnY7ecJrX+TQrhpJ/YVuqaRatkzQHXiZ2RIsjQcM0fZxDimJNAYYak7NpWpHoJEopiRtKCE0sSITxGQ5LMm6TwQksD6IdCn0DBubqUQ1zKKfd0kiM1kqveTPzP68bKv+slNIhiRQK8eMiPGVQhnM0CB1QQrNhUE4QF1T+EeIT0DkqPV9DV7dWi66RVLtmVUuXxuli9z0bIgzNwDi6BDW5BFTyABmgCDF7AG/gEX8az8Wq8Gx+LaM7I7pyCJRjff/RamPw=</latexit>

ωLL → k2
C5

v10

<latexit sha1_base64="sTk+21Je6M6edk68TM4APr4jvTE="></latexit>

ωQL

ωLL
→ 0.1 · p2/k2

5

(
f

fmerger

)2

• Equal stars (for simplicity):
<latexit sha1_base64="c8nmuQDCDV7P8DD82PHBixNJqig=">AAACCXicbVBNS8MwAE3n15xfVY9egkMQD6MdMgdeBrt48LCB+4B1K2mWbmFpG5J0MEp/gRf/ihcRLwpe/Av+G7Otl20+CDzeeyF5z+OMSmVZv0Zua3tndy+/Xzg4PDo+MU/P2jKKBSYtHLFIdD0kCaMhaSmqGOlyQVDgMdLxJvW535kSIWkUPqkZJ/0AjULqU4yUllzzxuGSuokjAth8TKEjaQAdXyCccLecJvVBNYVwOkjsSuqaRatkLQA3iZ2RIsjQcM0fZxjhOCChwgxJ2bMtrvoJEopiRtKCE0vCEZ6gEUkWTVJ4paUh9COhT6jgQl3JoUDKWeDpZIDUWK57c/E/rxcrv9pPaMhjRUK8fMiPGVQRnM8Ch1QQrNhME4QF1T+EeIz0DkqPV9DV7fWim6RdLtmVUqV5W6zdZyPkwQW4BNfABnegBh5AA7QABi/gDXyCL+PZeDXejY9lNGdkd87BCozvPxGDmQ8=</latexit>

ωQL → p2
C8

v16

<latexit sha1_base64="Zykar6UCTHfdBEFAQZbP4CqbK+A=">AAAB5HicbVDLSgMxFL3js9ZX1aWbYBFclZkiVRCh4MZNoYJ9QFuGTJppQzOTIbkjlNI/cCPiRsHv8Rf8G9N2Nm09EDicc8K95waJFAZd99fZ2Nza3tnN7eX3Dw6Pjgsnp02jUs14gympdDughksR8wYKlLydaE6jQPJWMHqY+a0Xro1Q8TOOE96L6CAWoWAUrdSq+d59zS/7haJbcucg68TLSBEy1P3CT7evWBrxGJmkxnQ8N8HehGoUTPJpvpsanlA2ogM+mS85JZdW6pNQaftiJHN1KUcjY8ZRYJMRxaFZ9Wbif14nxfC2NxFxkiKP2WJQmEqCiswak77QnKEcW0KZFnZDwoZUU4b2Lnlb3Vstuk6a5ZJXKVWerovVu+wIOTiHC7gCD26gCo9QhwYwGMEbfMKXEzqvzrvzsYhuONmfM1iC8/0H9z+KZw==</latexit>

M1 = M2
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<latexit sha1_base64="HKyTUw4xeCbggsy6Ooc+IRtlgQM=">AAACCXicbVBNS8MwAE3n15xfVY9egkMQD6MdOgUvg1087DDBfcC6lTRLt7CkLUk6GKW/wIt/xYuIFwUv/gX/jdnWyzYfBB7vvZC850WMSmVZv0ZuY3Nreye/W9jbPzg8Mo9PWjKMBSZNHLJQdDwkCaMBaSqqGOlEgiDuMdL2xrWZ354QIWkYPKlpRHocDQPqU4yUllzzyokkdRNHcFivp9CRlEPHFwgnY7ecJrX+TQrhpJ/YVuqaRatkzQHXiZ2RIsjQcM0fZxDimJNAYYak7NpWpHoJEopiRtKCE0sSITxGQ5LMm6TwQksD6IdCn0DBubqUQ1zKKfd0kiM1kqveTPzP68bKv+slNIhiRQK8eMiPGVQhnM0CB1QQrNhUE4QF1T+EeIT0DkqPV9DV7dWi66RVLtmVUuXxuli9z0bIgzNwDi6BDW5BFTyABmgCDF7AG/gEX8az8Wq8Gx+LaM7I7pyCJRjff/RamPw=</latexit>

ωLL → k2
C5

v10

<latexit sha1_base64="sTk+21Je6M6edk68TM4APr4jvTE="></latexit>

ωQL

ωLL
→ 0.1 · p2/k2

5

(
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)2

• Equal stars (for simplicity):
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<latexit sha1_base64="M84286XUl7FdLmHE7QT/HHXQ69o=">AAACHnicbVBLSwMxGMzWV62vqkcvwSJ4kHW31CqUYqEXL4UK9gHdsmSzaRua3WyTrFBK/4sX/4oIIl4U9N+YPg629YOEYWY+khkvYlQqy/oxEmvrG5tbye3Uzu7e/kH68KgueSwwqWHOuGh6SBJGQ1JTVDHSjARBgcdIw+uXJ3rjkQhJefighhFpB6gb0g7FSGnKTd9WXBsWYcXN6ts2cxo53OcKOoUL6AwGMfJhuQgt0/5DRG72sj/duHLTGcu0pgNXgT0HGTCfqpt+dXyO44CECjMkZcu2ItUeIaEoZmSccmJJIoT7qEtG03hjeKYpH3a40CdUcMou+FAg5TDwtDNAqieXtQn5n9aKVeemPaJhFCsS4tlDnZhBxeGkK+hTQbBiQw0QFlT/EOIeEggr3WhKR7eXg66Ceta082b+PpcpFeYlJMEJOAXnwAbXoATuQBXUAAbP4A18gi/jyXgx3o2PmTVhzHeOwcIY3784n5wZ</latexit>

M1 = M2 = 1.4M→ , C = 0.1 , p2/k2 = 5
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v16
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M1 = M2
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ωLL → k2
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• Equal stars (for simplicity):
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M1 = M2 = 1.4M→ , C = 0.15 , p2/k2 = 5

• Dedicated analysis (including other sub-leading effects, such as dynamical tide) needed to 
asses observability of effect 
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ωQL → p2
C8

v16

<latexit sha1_base64="Zykar6UCTHfdBEFAQZbP4CqbK+A=">AAAB5HicbVDLSgMxFL3js9ZX1aWbYBFclZkiVRCh4MZNoYJ9QFuGTJppQzOTIbkjlNI/cCPiRsHv8Rf8G9N2Nm09EDicc8K95waJFAZd99fZ2Nza3tnN7eX3Dw6Pjgsnp02jUs14gympdDughksR8wYKlLydaE6jQPJWMHqY+a0Xro1Q8TOOE96L6CAWoWAUrdSq+d59zS/7haJbcucg68TLSBEy1P3CT7evWBrxGJmkxnQ8N8HehGoUTPJpvpsanlA2ogM+mS85JZdW6pNQaftiJHN1KUcjY8ZRYJMRxaFZ9Wbif14nxfC2NxFxkiKP2WJQmEqCiswak77QnKEcW0KZFnZDwoZUU4b2Lnlb3Vstuk6a5ZJXKVWerovVu+wIOTiHC7gCD26gCo9QhwYwGMEbfMKXEzqvzrvzsYhuONmfM1iC8/0H9z+KZw==</latexit>

M1 = M2



Computing relativistic Love Numbers

UV: Full General Relativity (TOV eqs.) IR: Worldline Effective Field Theory
<latexit sha1_base64="PYsFZN209thtw3nakgh5SvQZQ0Q="></latexit>

G(0)
µ⌫ + �G(1)

µ⌫ + �G(2)
µ⌫ = 8⇡G

⇣
T (0)
µ⌫ + �T (1)

µ⌫ + �T (2)
µ⌫

⌘

• Compute  by matching stellar perturbation theory in GR to the EFTλ′ is

<latexit sha1_base64="Uw9wXMou/037fTIVFxf2dwD1FNM="></latexit>∫
d4x

R

16ωG
+

∫
dε

[
M + ϑ2EijE

ij + ϑ222EijE
jkEk

i
]



Computing relativistic Love Numbers

<latexit sha1_base64="PYsFZN209thtw3nakgh5SvQZQ0Q="></latexit>

G(0)
µ⌫ + �G(1)

µ⌫ + �G(2)
µ⌫ = 8⇡G

⇣
T (0)
µ⌫ + �T (1)

µ⌫ + �T (2)
µ⌫

⌘

<latexit sha1_base64="EOiQHRSQ+1p+wn8zD5QSbDIm930=">AAACJHicbVBLSwMxGMzWV62vqkcvwSK0CGW3SBW8FETwWMU+oFtLNpu2odmHyRelLPt3vPhHPHgR8aCCv8Xt49LHQGCYmZDMOKHgCkzz20itrK6tb6Q3M1vbO7t72f2Dugq0pKxGAxHIpkMUE9xnNeAgWDOUjHiOYA1ncDXyG09MKh749zAMWdsjPZ93OSWQSJ3stX3He30gUgbP2H7UxMW2ywQQ3OtEtqex7ev4IcpbhRifLrdKhbiTzZlFcwy8SKwpyaEpqp3sm+0GVHvMByqIUi3LDKEdEQmcChZnbK1YSOiA9Fg0Lhnjk0RycTeQyfEBj9WZHPGUGnpOkvQI9NW8NxKXeS0N3Yt2xP1QA/Pp5KGuFhgCPFoMu1wyCmKYEEIlT36IaZ9IQiHZNZNUt+aLLpJ6qWiVi+Xbs1zlcjpCGh2hY5RHFjpHFXSDqqiGKHpFH+gH/RovxrvxaXxNoiljeucQzcD4+wdNwKO2</latexit>

)
�g

(1
)

µ
⌫
+
�g

(2
)

µ
⌫

<latexit sha1_base64="EOiQHRSQ+1p+wn8zD5QSbDIm930=">AAACJHicbVBLSwMxGMzWV62vqkcvwSK0CGW3SBW8FETwWMU+oFtLNpu2odmHyRelLPt3vPhHPHgR8aCCv8Xt49LHQGCYmZDMOKHgCkzz20itrK6tb6Q3M1vbO7t72f2Dugq0pKxGAxHIpkMUE9xnNeAgWDOUjHiOYA1ncDXyG09MKh749zAMWdsjPZ93OSWQSJ3stX3He30gUgbP2H7UxMW2ywQQ3OtEtqex7ev4IcpbhRifLrdKhbiTzZlFcwy8SKwpyaEpqp3sm+0GVHvMByqIUi3LDKEdEQmcChZnbK1YSOiA9Fg0Lhnjk0RycTeQyfEBj9WZHPGUGnpOkvQI9NW8NxKXeS0N3Yt2xP1QA/Pp5KGuFhgCPFoMu1wyCmKYEEIlT36IaZ9IQiHZNZNUt+aLLpJ6qWiVi+Xbs1zlcjpCGh2hY5RHFjpHFXSDqqiGKHpFH+gH/RovxrvxaXxNoiljeucQzcD4+wdNwKO2</latexit>

)
�g

(1
)

µ
⌫
+
�g

(2
)

µ
⌫

<latexit sha1_base64="zSEVJo+Tkp3avSBGikCzCDHlqeI=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoJe9FWBCB0KalQn6Ais0brzo474OZ+wIRt20i2hT0k/oL/ZtGfRu1AwOHc85w77l+rKQh1/11MhubW9s72d3c3v7B4VH++KRuokQLrIlIRbrpc4NKhlgjSQqbsUYe+Aob/uhh5jdeUBsZhU80jrET8EEo+1JwslL1vpsvuEV3DrZOvJQUIEWlm/9p9yKRBBiSUNyYlufG1JlwTVIonObaicGYixEf4GS+3pRdWKnH+pG2LyQ2V5dyPDBmHPg2GXAamlVvJv7ntRLq33YmMowTwlAsBvUTxShis66sJzUKUmNLuNDSbsjEkGsuyF4kZ6t7q0XXSf2q6JWKpep1oXyXHiELZ3AOl+DBDZThESpQAwEIb/AJX86z8+q8Ox+LaMZJ/5zCEpzvP4WdiHA=</latexit>=

• Compute  by matching stellar perturbation theory in GR to the EFTλ′ is

<latexit sha1_base64="Uw9wXMou/037fTIVFxf2dwD1FNM="></latexit>∫
d4x

R

16ωG
+

∫
dε

[
M + ϑ2EijE

ij + ϑ222EijE
jkEk

i
]

<latexit sha1_base64="13EE1yrDnY3R7OROGxj+QjmXsRg=">AAAB5HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LKvYBbSmZNDMNzUyG5I5QSv/AjYgbBb/HX/BvTKezaeuBwOGcE+4910+kMOi6v05hY3Nre6e4W9rbPzg8Kh+ftIxKNeNNpqTSHZ8aLkXMmyhQ8k6iOY18ydv++H7ut1+4NkLFzzhJeD+iYSwCwShaqa1JLwzJ06BccatuBrJOvJxUIEdjUP7pDRVLIx4jk9SYrucm2J9SjYJJPiv1UsMTysY05NNsyRm5sNKQBErbFyPJ1KUcjYyZRL5NRhRHZtWbi/953RSD2/5UxEmKPGaLQUEqCSoyb0yGQnOGcmIJZVrYDQkbUU0Z2ruUbHVvteg6aV1VvVq19nhdqd/lRyjCGZzDJXhwA3V4gAY0gcEY3uATvpzAeXXenY9FtODkf05hCc73H0fMip0=</latexit>

r → R

<latexit sha1_base64="xC/2fgZhyVgzJuakKYBU5yIh4Mk=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuCqJSBXcFNy4rGAf0JQwmUzaoZMHMxOlxHyKGxE3Cv6Gv+DfOE2zaeuFgcM5594793gJZ1JZ1q9RWVvf2Nyqbtd2dvf2D8zDo66MU0Foh8Q8Fn0PS8pZRDuKKU77iaA49DjteZO7md57okKyOHpU04QOQzyKWMAIVppyzROnmJEJ6ufI4brRxy5Drlm3GlZRaBXYJahDWW3X/HH8mKQhjRThWMqBbSVqmGGhGOE0rzmppAkmEzyiWbExR+ea8lEQC/0ihQp2wYdDKaehp50hVmO5rM3I/7RBqoKbYcaiJFU0IvNFQcqRitEsAuQzQYniUw0wEUz/EJExFpgoHVRNn24vH7oKupcNu9loPlzVW7dlCFU4hTO4ABuuoQX30IYOEHiBN/iEL+PZeDXejY+5tWKUPcewUMb3H4I5kak=</latexit>

�i

<latexit sha1_base64="uh6nlPCl/XDPN5PKVzZ28HChkFE=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LKvYBbSmZNNPGZiZDckcppf/gRsSNgl/jL/g3ZtrZtPVA4HDOCfee68dSGHTdXye3tr6xuZXfLuzs7u0fFA+PGkYlmvE6U1Lplk8NlyLidRQoeSvWnIa+5E1/dJv6zWeujVDRI45j3g3pIBKBYBSt1O48iMEQqdbqpVcsuWV3BrJKvIyUIEOtV/zp9BVLQh4hk9SYtufG2J1QjYJJPi10EsNjykZ0wCezRafkzEp9EihtX4Rkpi7kaGjMOPRtMqQ4NMteKv7ntRMMrrsTEcUJ8ojNBwWJJKhI2pr0heYM5dgSyrSwGxI2pJoytLcp2OrectFV0rgoe5Vy5f6yVL3JjpCHEziFc/DgCqpwBzWoAwMFb/AJX86T8+q8Ox/zaM7J/hzDApzvP163jRw=</latexit>

)

 is gauge independent, but  must be 
matched choosing a gauge

λ δgμν

See Ivanov, Parra-Martinez, Caron-Huot and many others for 
amplitude-based approaches

<latexit sha1_base64="T7531AHdJVJMCGAILQUrkSBZFSs=">AAACE3icbVBNS8MwAE3n15xfVY9egkPYLqMdYwpeBl48TnAfsM6SpukWlqYlSYVR+jO8+Fe8iHhQwR/gvzHbetnHg8DjvReS97yYUaks688obG3v7O4V90sHh0fHJ+bpWVdGicCkgyMWib6HJGGUk46iipF+LAgKPUZ63uRu5veeiZA04o9qGpNhiEacBhQjpSXXbDg+YQrBkZs6YQIdnmRPacWuZtBx4EavXs1cs2zVrDngOrFzUgY52q755fgRTkLCFWZIyoFtxWqYIqEoZiQrOYkkMcITNCLpvFMGr7TkwyAS+nAF5+pSDoVSTkNPJ0OkxnLVm4mbvEGigpthSnmcKMLx4qEgYVBFcDYQ9KkgWLGpJggLqn8I8RgJhJWesaSr26tF10m3XrObteZDo9y6zUcoggtwCSrABtegBe5BG3QABq/gHXyDH+PFeDM+jM9FtGDkd87BEozffxgCnM0=</latexit>

ωg(1)µω

ωg(2)µω

<latexit sha1_base64="TaPOeURTIZWXdkVjdIXBgNKvzN8="></latexit>

→ωg(1)µω (ε2)↑EFT

→ωg(2)µω (ε2,ε222)↑EFT

UV: Full General Relativity (TOV eqs.) IR: Worldline Effective Field Theory



• Action

EFT calculation
<latexit sha1_base64="iaY6v2ONs6M0jmkVPXI831mPk8w=">AAACJHicbVDLSgMxFM3UV62vqks3wSJUlDIjUgURClLowkWl9gGdsWQymTY0mRmSjFhKf8eNP+LCjYgLFfwW03Y2bb0QOJxzwr3nuBGjUpnml5FaWl5ZXUuvZzY2t7Z3srt7DRnGApM6DlkoWi6ShNGA1BVVjLQiQRB3GWm6/Zux3nwkQtIwuFeDiDgcdQPqU4yUpjrZcu261hnagsNyZQTbXY15DO0gHjnwBCZS83ZWOoVPDxrnbaYXeejY6WRzZsGcDFwEVgJyIJlqJ/tqeyGOOQkUZkjKtmVGyhkioShmZJSxY0kihPuoS4aTkCN4pCkP+qHQL1Bwws74EJdywF3t5Ej15Lw2Jv/T2rHyL50hDaJYkQBPF/kxgyqE48agRwXBig00QFhQfSHEPSQQVrrXjI5uzQddBI2zglUsFO/Oc6WrpIQ0OACHIA8scAFKoAKqoA4weAHv4Bv8GM/Gm/FhfE6tKSP5sw9mxvj9Ay8joxU=</latexit>

S = SEH[gµω ] + SWL[gµω , x
µ(ω)]

<latexit sha1_base64="Iqpfkkk8RIJxt6/l3xEI1ntYuDA="></latexit>

SWL =

∫
dω

[
M + ε2EijE

ij + ε222EijE
j
kE

ki + · · ·
]



• Action

EFT calculation
<latexit sha1_base64="iaY6v2ONs6M0jmkVPXI831mPk8w=">AAACJHicbVDLSgMxFM3UV62vqks3wSJUlDIjUgURClLowkWl9gGdsWQymTY0mRmSjFhKf8eNP+LCjYgLFfwW03Y2bb0QOJxzwr3nuBGjUpnml5FaWl5ZXUuvZzY2t7Z3srt7DRnGApM6DlkoWi6ShNGA1BVVjLQiQRB3GWm6/Zux3nwkQtIwuFeDiDgcdQPqU4yUpjrZcu261hnagsNyZQTbXY15DO0gHjnwBCZS83ZWOoVPDxrnbaYXeejY6WRzZsGcDFwEVgJyIJlqJ/tqeyGOOQkUZkjKtmVGyhkioShmZJSxY0kihPuoS4aTkCN4pCkP+qHQL1Bwws74EJdywF3t5Ej15Lw2Jv/T2rHyL50hDaJYkQBPF/kxgyqE48agRwXBig00QFhQfSHEPSQQVrrXjI5uzQddBI2zglUsFO/Oc6WrpIQ0OACHIA8scAFKoAKqoA4weAHv4Bv8GM/Gm/FhfE6tKSP5sw9mxvj9Ay8joxU=</latexit>

S = SEH[gµω ] + SWL[gµω , x
µ(ω)]

<latexit sha1_base64="Iqpfkkk8RIJxt6/l3xEI1ntYuDA="></latexit>

SWL =

∫
dω

[
M + ε2EijE

ij + ε222EijE
j
kE

ki + · · ·
]

• Background-field method

Background tidal field 

(satisfies vacuum Einstein eqs.)

<latexit sha1_base64="oHBsadS7iOMYA2+J5m/fnlUj3kU=">AAACBHicdVDLSgMxAMzWV62vVY9egqXgqWSLrC0iFDzosYJ9QHdZsmm2Dc0+SLJCKb168Ve8iHhR8Owv+DdmtxWp6EBgmJmQzPgJZ1Ih9GkUVlbX1jeKm6Wt7Z3dPXP/oCPjVBDaJjGPRc/HknIW0bZiitNeIigOfU67/vgy87t3VEgWR7dqklA3xMOIBYxgpSXPrDg+FvDKmzphCp0onfVzYfgjuPACeWYZVZGGbcOMWHVkadJo1Gu1BrRyC6EyWKDlmR/OICZpSCNFOJayb6FEuVMsFCOczkpOKmmCyRgP6TQvMYMVLQ1gEAt9IgVzdSmHQyknoa+TIVYj+dvLxL+8fqqCujtlUZIqGpH5Q0HKoYphtggcMEGJ4hNNMBFM/xCSERaYKL1bSVf/7gf/J51a1bKr9s1puXm+GKEIjsAxOAEWOANNcA1aoA0IeABP4BW8GffGo/FsvMyjBWNx5xAswXj/Aq5zl0Y=</latexit>

Ḡµ⌫ [ḡµ⌫ ] = 0

<latexit sha1_base64="RTdqmuxa3kf3ceYh/NTRE4ycza0=">AAACe3icfVHZSgNBEJxd73hFffSlMQiiEnaDF4gQ8MVHBWMC2RB6J5NkyOzBHEJY9k/8IH/BjxGcHIiJ0YaBoqqnano6TAVX2vM+HHdpeWV1bX2jsLm1vbNb3Nt/UYmRlNVoIhLZCFExwWNW01wL1kglwygUrB4O7kd6/ZVJxZP4WQ9T1oqwF/Mup6gt1S6+9dpZEBkIYpPDHQRjxywUhuUQhCjhp/6tIh3kcAbBANMUof+PBdP4Qz2Dh7/sFrm1iyWv7I0LfgN/CkpkWo/t4nvQSaiJWKypQKWavpfqVoZScypYXgiMYqlNwx7LxuE5HFuqA91E2hNrGLMzfRgpNYxC2xmh7qt5bUQu0ppGd29aGY9To1lMJ0FdI0AnMFoEdLhkVIuhBUglty8E2keJVNt1Fezo/vygv8FLpexfla+eLkrV2+knrJNDckROiE+uSZU8kEdSI9RxnRPHdyrOp1tyT93zSavrTO8ckJlyL78A4T3AIg==</latexit>

gµω = ḡµω + ωhµω = εµω +Hµω + ωhµω



• Action

• Background-field method

Background tidal field 

(satisfies vacuum Einstein eqs.)

<latexit sha1_base64="oHBsadS7iOMYA2+J5m/fnlUj3kU=">AAACBHicdVDLSgMxAMzWV62vVY9egqXgqWSLrC0iFDzosYJ9QHdZsmm2Dc0+SLJCKb168Ve8iHhR8Owv+DdmtxWp6EBgmJmQzPgJZ1Ih9GkUVlbX1jeKm6Wt7Z3dPXP/oCPjVBDaJjGPRc/HknIW0bZiitNeIigOfU67/vgy87t3VEgWR7dqklA3xMOIBYxgpSXPrDg+FvDKmzphCp0onfVzYfgjuPACeWYZVZGGbcOMWHVkadJo1Gu1BrRyC6EyWKDlmR/OICZpSCNFOJayb6FEuVMsFCOczkpOKmmCyRgP6TQvMYMVLQ1gEAt9IgVzdSmHQyknoa+TIVYj+dvLxL+8fqqCujtlUZIqGpH5Q0HKoYphtggcMEGJ4hNNMBFM/xCSERaYKL1bSVf/7gf/J51a1bKr9s1puXm+GKEIjsAxOAEWOANNcA1aoA0IeABP4BW8GffGo/FsvMyjBWNx5xAswXj/Aq5zl0Y=</latexit>

Ḡµ⌫ [ḡµ⌫ ] = 0

• Gauge-fixing term (background de Donder)

EFT calculation

<latexit sha1_base64="wTxYSJXpquG1JMI3z4/aDD4u/IM="></latexit>

SGF = �
Z

d4x
p
�ḡḡµ⌫ �̄µ�̄⌫ , �̄⌫ = ḡ⇢�

✓
r̄⇢h�⌫ � 1

2
r̄⌫h⇢�

◆

<latexit sha1_base64="Z0myLfOS7WpJNiTeJaPo9qgbv/E="></latexit>

S = SEH[Hµω , hµω ] + SGF[Hµω , hµω ] + SWL[Hµω , hµω , x
µ]

<latexit sha1_base64="Iqpfkkk8RIJxt6/l3xEI1ntYuDA="></latexit>

SWL =

∫
dω

[
M + ε2EijE

ij + ε222EijE
j
kE

ki + · · ·
]

<latexit sha1_base64="RTdqmuxa3kf3ceYh/NTRE4ycza0=">AAACe3icfVHZSgNBEJxd73hFffSlMQiiEnaDF4gQ8MVHBWMC2RB6J5NkyOzBHEJY9k/8IH/BjxGcHIiJ0YaBoqqnano6TAVX2vM+HHdpeWV1bX2jsLm1vbNb3Nt/UYmRlNVoIhLZCFExwWNW01wL1kglwygUrB4O7kd6/ZVJxZP4WQ9T1oqwF/Mup6gt1S6+9dpZEBkIYpPDHQRjxywUhuUQhCjhp/6tIh3kcAbBANMUof+PBdP4Qz2Dh7/sFrm1iyWv7I0LfgN/CkpkWo/t4nvQSaiJWKypQKWavpfqVoZScypYXgiMYqlNwx7LxuE5HFuqA91E2hNrGLMzfRgpNYxC2xmh7qt5bUQu0ppGd29aGY9To1lMJ0FdI0AnMFoEdLhkVIuhBUglty8E2keJVNt1Fezo/vygv8FLpexfla+eLkrV2+knrJNDckROiE+uSZU8kEdSI9RxnRPHdyrOp1tyT93zSavrTO8ckJlyL78A4T3AIg==</latexit>

gµω = ḡµω + ωhµω = εµω +Hµω + ωhµω



• Action

• Background-field method

Background tidal field 

(satisfies vacuum Einstein eqs.)

<latexit sha1_base64="oHBsadS7iOMYA2+J5m/fnlUj3kU=">AAACBHicdVDLSgMxAMzWV62vVY9egqXgqWSLrC0iFDzosYJ9QHdZsmm2Dc0+SLJCKb168Ve8iHhR8Owv+DdmtxWp6EBgmJmQzPgJZ1Ih9GkUVlbX1jeKm6Wt7Z3dPXP/oCPjVBDaJjGPRc/HknIW0bZiitNeIigOfU67/vgy87t3VEgWR7dqklA3xMOIBYxgpSXPrDg+FvDKmzphCp0onfVzYfgjuPACeWYZVZGGbcOMWHVkadJo1Gu1BrRyC6EyWKDlmR/OICZpSCNFOJayb6FEuVMsFCOczkpOKmmCyRgP6TQvMYMVLQ1gEAt9IgVzdSmHQyknoa+TIVYj+dvLxL+8fqqCujtlUZIqGpH5Q0HKoYphtggcMEGJ4hNNMBFM/xCSERaYKL1bSVf/7gf/J51a1bKr9s1puXm+GKEIjsAxOAEWOANNcA1aoA0IeABP4BW8GffGo/FsvMyjBWNx5xAswXj/Aq5zl0Y=</latexit>

Ḡµ⌫ [ḡµ⌫ ] = 0

• Gauge-fixing term (background de Donder)

EFT calculation

<latexit sha1_base64="wTxYSJXpquG1JMI3z4/aDD4u/IM="></latexit>

SGF = �
Z

d4x
p
�ḡḡµ⌫ �̄µ�̄⌫ , �̄⌫ = ḡ⇢�

✓
r̄⇢h�⌫ � 1

2
r̄⌫h⇢�

◆

<latexit sha1_base64="Z0myLfOS7WpJNiTeJaPo9qgbv/E="></latexit>

S = SEH[Hµω , hµω ] + SGF[Hµω , hµω ] + SWL[Hµω , hµω , x
µ]

<latexit sha1_base64="Iqpfkkk8RIJxt6/l3xEI1ntYuDA="></latexit>

SWL =

∫
dω

[
M + ε2EijE

ij + ε222EijE
j
kE

ki + · · ·
]

<latexit sha1_base64="RTdqmuxa3kf3ceYh/NTRE4ycza0=">AAACe3icfVHZSgNBEJxd73hFffSlMQiiEnaDF4gQ8MVHBWMC2RB6J5NkyOzBHEJY9k/8IH/BjxGcHIiJ0YaBoqqnano6TAVX2vM+HHdpeWV1bX2jsLm1vbNb3Nt/UYmRlNVoIhLZCFExwWNW01wL1kglwygUrB4O7kd6/ZVJxZP4WQ9T1oqwF/Mup6gt1S6+9dpZEBkIYpPDHQRjxywUhuUQhCjhp/6tIh3kcAbBANMUof+PBdP4Qz2Dh7/sFrm1iyWv7I0LfgN/CkpkWo/t4nvQSaiJWKypQKWavpfqVoZScypYXgiMYqlNwx7LxuE5HFuqA91E2hNrGLMzfRgpNYxC2xmh7qt5bUQu0ppGd29aGY9To1lMJ0FdI0AnMFoEdLhkVIuhBUglty8E2keJVNt1Fezo/vygv8FLpexfla+eLkrV2+knrJNDckROiE+uSZU8kEdSI9RxnRPHdyrOp1tyT93zSavrTO8ckJlyL78A4T3AIg==</latexit>

gµω = ḡµω + ωhµω = εµω +Hµω + ωhµω

• One-point expectation value

= all Feynman diagrams with one external leg of hμν

<latexit sha1_base64="spAFhXHUIPruMKZh5JJvlkK+wp4="></latexit>

hhµ⌫(x)i =
Z

D[h]hµ⌫ e
iS[H↵� ,h↵� ,x

⇢]



• Action

EFT calculation

<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢
propagator & vertices

<latexit sha1_base64="6b+jxqyY/W5DZgmkZcf+6GKAUsQ=">AAACBHicbVDLSgMxFM3UV62vUZdugqXgqswUqYKbghuXFewDOrVk0kwbmseQZIQyzNaNv+JGxI2Ca3/BvzFtZ9PWCxcO55xwc04YM6qN5/06hY3Nre2d4m5pb//g8Mg9PmlrmShMWlgyqboh0oRRQVqGGka6sSKIh4x0wsntTO88EaWpFA9mGpM+RyNBI4qRsdTArQSRQjilWTp5rGWwOUgDnsBA2FVjCQNNRxxlA7fsVb35wHXg56AM8mkO3J9gKHHCiTCYIa17vhebfoqUoZiRrBQkmsQIT9CIpPMQGaxYaggjqewKA+fskg9xrac8tE6OzFivajPyP62XmOi6n1IRJ4YIvDgUJQwaCWeNwCFVBBs2tQBhRe0PIR4j24qxvZVsdH816Dpo16p+vVq/vyw3bvISiuAMnIML4IMr0AB3oAlaAIMX8AY+wZfz7Lw6787Hwlpw8jenYGmc7z+HHZfO</latexit>

i

k2
Pµωεϑ

<latexit sha1_base64="BSoWHedOcC2L9b85jFrMs/Q55uI=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBnVIyaaaNzSRDHkIZ+g9uRNwo+DX+gn9j2s6mrQcCh3NOuPfcKOVMG9//9Qobm1vbO8Xd0t7+weFR+fikpaVVhDaJ5FJ1IqwpZ4I2DTOcdlJFcRJx2o7G9zO//UKVZlI8mUlKewkeChYzgo2TuqN+FiYWhcJO++WKX/XnQOskyEkFcjT65Z9wIIlNqDCEY627gZ+aXoaVYYTTaSm0mqaYjPGQZvNFp+jCSQMUS+WeMGiuLuVwovUkiVwywWakV72Z+J/XtSa+7WVMpNZQQRaDYsuRkWjWGg2YosTwiSOYKOY2RGSEFSbG3abkqgerRddJ66oa1Kq1x+tK/S4/QhHO4BwuIYAbqMMDNKAJBCS8wSd8ec/eq/fufSyiBS//cwpL8L7/ACI4jPM=</latexit>

hµω
<latexit sha1_base64="HQfe6rzkCHbWjP241AT7PsLvDkc=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBFclRmRKrgpuOmygn1Ap5RMmmljM8mQh1CG/oMbETcKfo2/4N+YtrNp64HA4ZwT7j03SjnTxvd/vY3Nre2d3cJecf/g8Oi4dHLa0tIqQptEcqk6EdaUM0GbhhlOO6miOIk4bUfjh5nffqFKMymezCSlvQQPBYsZwcZJ3Xo/CxOLQmGn/VLZr/hzoHUS5KQMORr90k84kMQmVBjCsdbdwE9NL8PKMMLptBhaTVNMxnhIs/miU3TppAGKpXJPGDRXl3I40XqSRC6ZYDPSq95M/M/rWhPf9TImUmuoIItBseXISDRrjQZMUWL4xBFMFHMbIjLCChPjblN01YPVouukdV0JqpXq4025dp8foQDncAFXEMAt1KAODWgCAQlv8Alf3rP36r17H4vohpf/OYMleN9/8amM0w==</latexit>

Hµω

<latexit sha1_base64="QNjENBE7PoITlTDZ+LaP7DDlVNQ=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNQQSXFewD2lIyaaYNzWSG5I5Qhn6CGxE3Cv6Ov+DfmGln09YDgcM5J9x7rh9LYdB1f53CxubW9k5xt7S3f3B4VD4+aZko0Yw3WSQj3fGp4VIo3kSBkndizWnoS972J/eZ337h2ohIPeM05v2QjpQIBKNopU7aY1SSh9mgXHGr7hxknXg5qUCOxqD80xtGLAm5QiapMV3PjbGfUo2CST4r9RLDY8omdMTT+ZYzcmGlIQkibZ9CMleXcjQ0Zhr6NhlSHJtVLxP/87oJBrf9VKg4Qa7YYlCQSIIRySqTodCcoZxaQpkWdkPCxlRThvYwJVvdWy26TlpXVa9WrT1dV+p3+RGKcAbncAke3EAdHqEBTWAg4Q0+4csZOa/Ou/OxiBac/M8pLMH5/gOEwYti</latexit>

E
<latexit sha1_base64="tQFBnSXdQkgPqx8NUUfiMT+rHiI=">AAAB43icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBbSmZ9E4bm5mEJCOU0i9wI+JGwf/xF/wb03Y2bT0QOJxzwr3nhkpwY33/18ttbG5t7+R3C3v7B4dHxeOThpGpZlhnUkjdCqlBwROsW24FtpRGGocCm+HofuY3X1AbLpMnO1bYjekg4RFn1Dqp0RlRpWivWPLL/hxknQQZKUGGWq/40+lLlsaYWCaoMe3AV7Y7odpyJnBa6KQGFWUjOsDJfMcpuXBSn0RSu5dYMleXcjQ2ZhyHLhlTOzSr3kz8z2unNrrtTniiUosJWwyKUkGsJLPCpM81MivGjlCmuduQsCHVlFl3loKrHqwWXSeNq3JQKVcer0vVu+wIeTiDc7iEAG6gCg9QgzoweIY3+IQvD71X7937WERzXvbnFJbgff8BeRKKzg==</latexit>ω <latexit sha1_base64="tQFBnSXdQkgPqx8NUUfiMT+rHiI=">AAAB43icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBbSmZ9E4bm5mEJCOU0i9wI+JGwf/xF/wb03Y2bT0QOJxzwr3nhkpwY33/18ttbG5t7+R3C3v7B4dHxeOThpGpZlhnUkjdCqlBwROsW24FtpRGGocCm+HofuY3X1AbLpMnO1bYjekg4RFn1Dqp0RlRpWivWPLL/hxknQQZKUGGWq/40+lLlsaYWCaoMe3AV7Y7odpyJnBa6KQGFWUjOsDJfMcpuXBSn0RSu5dYMleXcjQ2ZhyHLhlTOzSr3kz8z2unNrrtTniiUosJWwyKUkGsJLPCpM81MivGjlCmuduQsCHVlFl3loKrHqwWXSeNq3JQKVcer0vVu+wIeTiDc7iEAG6gCg9QgzoweIY3+IQvD71X7937WERzXvbnFJbgff8BeRKKzg==</latexit>ω <latexit sha1_base64="tQFBnSXdQkgPqx8NUUfiMT+rHiI=">AAAB43icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBbSmZ9E4bm5mEJCOU0i9wI+JGwf/xF/wb03Y2bT0QOJxzwr3nhkpwY33/18ttbG5t7+R3C3v7B4dHxeOThpGpZlhnUkjdCqlBwROsW24FtpRGGocCm+HofuY3X1AbLpMnO1bYjekg4RFn1Dqp0RlRpWivWPLL/hxknQQZKUGGWq/40+lLlsaYWCaoMe3AV7Y7odpyJnBa6KQGFWUjOsDJfMcpuXBSn0RSu5dYMleXcjQ2ZhyHLhlTOzSr3kz8z2unNrrtTniiUosJWwyKUkGsJLPCpM81MivGjlCmuduQsCHVlFl3loKrHqwWXSeNq3JQKVcer0vVu+wIeTiDc7iEAG6gCg9QgzoweIY3+IQvD71X7937WERzXvbnFJbgff8BeRKKzg==</latexit>ω

<latexit sha1_base64="Z0myLfOS7WpJNiTeJaPo9qgbv/E="></latexit>

S = SEH[Hµω , hµω ] + SGF[Hµω , hµω ] + SWL[Hµω , hµω , x
µ]

<latexit sha1_base64="Iqpfkkk8RIJxt6/l3xEI1ntYuDA="></latexit>

SWL =

∫
dω

[
M + ε2EijE

ij + ε222EijE
j
kE

ki + · · ·
]



• Action

EFT calculation

<latexit sha1_base64="Dv157gtFkwRcPVf6+8VtwnJ9tac=">AAAB5HicbVDLSsNAFL3xWeur6tLNYBFclUSkCm4KblxWsA9oSplMJ+nQySTM3Agl9A/ciLhR8Hv8Bf/GaZtNWw8MHM45w73nBqkUBl3319nY3Nre2S3tlfcPDo+OKyenbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+GHmd164NiJRzzhJeT+mkRKhYBSt1PEDEUV+PqhU3Zo7B1knXkGqUKA5qPz4w4RlMVfIJDWm57kp9nOqUTDJp2U/MzylbEwjns+XnJJLKw1JmGj7FJK5upSjsTGTOLDJmOLIrHoz8T+vl2F418+FSjPkii0GhZkkmJBZYzIUmjOUE0so08JuSNiIasrQ3qVsq3urRddJ+7rm1Wv1p5tq4744QgnO4QKuwINbaMAjNKEFDMbwBp/w5YTOq/PufCyiG07x5wyW4Hz/ATJdizs=</latexit> ⇢
propagator & vertices

<latexit sha1_base64="6b+jxqyY/W5DZgmkZcf+6GKAUsQ=">AAACBHicbVDLSgMxFM3UV62vUZdugqXgqswUqYKbghuXFewDOrVk0kwbmseQZIQyzNaNv+JGxI2Ca3/BvzFtZ9PWCxcO55xwc04YM6qN5/06hY3Nre2d4m5pb//g8Mg9PmlrmShMWlgyqboh0oRRQVqGGka6sSKIh4x0wsntTO88EaWpFA9mGpM+RyNBI4qRsdTArQSRQjilWTp5rGWwOUgDnsBA2FVjCQNNRxxlA7fsVb35wHXg56AM8mkO3J9gKHHCiTCYIa17vhebfoqUoZiRrBQkmsQIT9CIpPMQGaxYaggjqewKA+fskg9xrac8tE6OzFivajPyP62XmOi6n1IRJ4YIvDgUJQwaCWeNwCFVBBs2tQBhRe0PIR4j24qxvZVsdH816Dpo16p+vVq/vyw3bvISiuAMnIML4IMr0AB3oAlaAIMX8AY+wZfz7Lw6787Hwlpw8jenYGmc7z+HHZfO</latexit>

i

k2
Pµωεϑ

<latexit sha1_base64="BSoWHedOcC2L9b85jFrMs/Q55uI=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBnVIyaaaNzSRDHkIZ+g9uRNwo+DX+gn9j2s6mrQcCh3NOuPfcKOVMG9//9Qobm1vbO8Xd0t7+weFR+fikpaVVhDaJ5FJ1IqwpZ4I2DTOcdlJFcRJx2o7G9zO//UKVZlI8mUlKewkeChYzgo2TuqN+FiYWhcJO++WKX/XnQOskyEkFcjT65Z9wIIlNqDCEY627gZ+aXoaVYYTTaSm0mqaYjPGQZvNFp+jCSQMUS+WeMGiuLuVwovUkiVwywWakV72Z+J/XtSa+7WVMpNZQQRaDYsuRkWjWGg2YosTwiSOYKOY2RGSEFSbG3abkqgerRddJ66oa1Kq1x+tK/S4/QhHO4BwuIYAbqMMDNKAJBCS8wSd8ec/eq/fufSyiBS//cwpL8L7/ACI4jPM=</latexit>

hµω
<latexit sha1_base64="HQfe6rzkCHbWjP241AT7PsLvDkc=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBFclRmRKrgpuOmygn1Ap5RMmmljM8mQh1CG/oMbETcKfo2/4N+YtrNp64HA4ZwT7j03SjnTxvd/vY3Nre2d3cJecf/g8Oi4dHLa0tIqQptEcqk6EdaUM0GbhhlOO6miOIk4bUfjh5nffqFKMymezCSlvQQPBYsZwcZJ3Xo/CxOLQmGn/VLZr/hzoHUS5KQMORr90k84kMQmVBjCsdbdwE9NL8PKMMLptBhaTVNMxnhIs/miU3TppAGKpXJPGDRXl3I40XqSRC6ZYDPSq95M/M/rWhPf9TImUmuoIItBseXISDRrjQZMUWL4xBFMFHMbIjLCChPjblN01YPVouukdV0JqpXq4025dp8foQDncAFXEMAt1KAODWgCAQlv8Alf3rP36r17H4vohpf/OYMleN9/8amM0w==</latexit>

Hµω

<latexit sha1_base64="QNjENBE7PoITlTDZ+LaP7DDlVNQ=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNQQSXFewD2lIyaaYNzWSG5I5Qhn6CGxE3Cv6Ov+DfmGln09YDgcM5J9x7rh9LYdB1f53CxubW9k5xt7S3f3B4VD4+aZko0Yw3WSQj3fGp4VIo3kSBkndizWnoS972J/eZ337h2ohIPeM05v2QjpQIBKNopU7aY1SSh9mgXHGr7hxknXg5qUCOxqD80xtGLAm5QiapMV3PjbGfUo2CST4r9RLDY8omdMTT+ZYzcmGlIQkibZ9CMleXcjQ0Zhr6NhlSHJtVLxP/87oJBrf9VKg4Qa7YYlCQSIIRySqTodCcoZxaQpkWdkPCxlRThvYwJVvdWy26TlpXVa9WrT1dV+p3+RGKcAbncAke3EAdHqEBTWAg4Q0+4csZOa/Ou/OxiBac/M8pLMH5/gOEwYti</latexit>

E
<latexit sha1_base64="tQFBnSXdQkgPqx8NUUfiMT+rHiI=">AAAB43icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBbSmZ9E4bm5mEJCOU0i9wI+JGwf/xF/wb03Y2bT0QOJxzwr3nhkpwY33/18ttbG5t7+R3C3v7B4dHxeOThpGpZlhnUkjdCqlBwROsW24FtpRGGocCm+HofuY3X1AbLpMnO1bYjekg4RFn1Dqp0RlRpWivWPLL/hxknQQZKUGGWq/40+lLlsaYWCaoMe3AV7Y7odpyJnBa6KQGFWUjOsDJfMcpuXBSn0RSu5dYMleXcjQ2ZhyHLhlTOzSr3kz8z2unNrrtTniiUosJWwyKUkGsJLPCpM81MivGjlCmuduQsCHVlFl3loKrHqwWXSeNq3JQKVcer0vVu+wIeTiDc7iEAG6gCg9QgzoweIY3+IQvD71X7937WERzXvbnFJbgff8BeRKKzg==</latexit>ω <latexit sha1_base64="tQFBnSXdQkgPqx8NUUfiMT+rHiI=">AAAB43icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBbSmZ9E4bm5mEJCOU0i9wI+JGwf/xF/wb03Y2bT0QOJxzwr3nhkpwY33/18ttbG5t7+R3C3v7B4dHxeOThpGpZlhnUkjdCqlBwROsW24FtpRGGocCm+HofuY3X1AbLpMnO1bYjekg4RFn1Dqp0RlRpWivWPLL/hxknQQZKUGGWq/40+lLlsaYWCaoMe3AV7Y7odpyJnBa6KQGFWUjOsDJfMcpuXBSn0RSu5dYMleXcjQ2ZhyHLhlTOzSr3kz8z2unNrrtTniiUosJWwyKUkGsJLPCpM81MivGjlCmuduQsCHVlFl3loKrHqwWXSeNq3JQKVcer0vVu+wIeTiDc7iEAG6gCg9QgzoweIY3+IQvD71X7937WERzXvbnFJbgff8BeRKKzg==</latexit>ω <latexit sha1_base64="tQFBnSXdQkgPqx8NUUfiMT+rHiI=">AAAB43icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBbSmZ9E4bm5mEJCOU0i9wI+JGwf/xF/wb03Y2bT0QOJxzwr3nhkpwY33/18ttbG5t7+R3C3v7B4dHxeOThpGpZlhnUkjdCqlBwROsW24FtpRGGocCm+HofuY3X1AbLpMnO1bYjekg4RFn1Dqp0RlRpWivWPLL/hxknQQZKUGGWq/40+lLlsaYWCaoMe3AV7Y7odpyJnBa6KQGFWUjOsDJfMcpuXBSn0RSu5dYMleXcjQ2ZhyHLhlTOzSr3kz8z2unNrrtTniiUosJWwyKUkGsJLPCpM81MivGjlCmuduQsCHVlFl3loKrHqwWXSeNq3JQKVcer0vVu+wIeTiDc7iEAG6gCg9QgzoweIY3+IQvD71X7937WERzXvbnFJbgff8BeRKKzg==</latexit>ω

<latexit sha1_base64="Z0myLfOS7WpJNiTeJaPo9qgbv/E="></latexit>

S = SEH[Hµω , hµω ] + SGF[Hµω , hµω ] + SWL[Hµω , hµω , x
µ]

<latexit sha1_base64="Iqpfkkk8RIJxt6/l3xEI1ntYuDA="></latexit>

SWL =

∫
dω

[
M + ε2EijE

ij + ε222EijE
j
kE

ki + · · ·
]

<latexit sha1_base64="GGfmKzaC9t8zNMDdegraQ0ukmlQ="></latexit>

ωg(ω=2)
tt = r2E2Y20

(
1 + k2

R5

r5

) <latexit sha1_base64="xojoEnkKWnFAUE2xs5hXfRV33Us="></latexit>

→ r4E2E2Y20

(
1 + k2

R5

r5
+ k22

R10

r10
+

p2
GM

R8

r7

)
<latexit sha1_base64="0pNl3EqUS4RqTyVw752mcPaPzLE=">AAAB43icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBbSmZTKaNzUyG5I5QSr/AjYgbBf/HX/BvTKezaeuBwOGcE+4910+kMOi6v05hY3Nre6e4W9rbPzg8Kh+ftIxKNeNNpqTSHZ8aLkXMmyhQ8k6iOY18ydv++H7ut1+4NkLFTzhJeD+iw1iEglG0UqsnA4VmUK64VTcDWSdeTiqQozEo//QCxdKIx8gkNabruQn2p1SjYJLPSr3U8ISyMR3yabbjjFxYKSCh0vbFSDJ1KUcjYyaRb5MRxZFZ9ebif143xfC2PxVxkiKP2WJQmEqCiswLk0BozlBOLKFMC7shYSOqKUN7lpKt7q0WXSetq6pXq9Yeryv1u/wIRTiDc7gED26gDg/QgCYweIY3+IQvhzuvzrvzsYgWnPzPKSzB+f4DnguK5w==</latexit>. . . <latexit sha1_base64="0pNl3EqUS4RqTyVw752mcPaPzLE=">AAAB43icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVMFNwY3LCvYBbSmZTKaNzUyG5I5QSr/AjYgbBf/HX/BvTKezaeuBwOGcE+4910+kMOi6v05hY3Nre6e4W9rbPzg8Kh+ftIxKNeNNpqTSHZ8aLkXMmyhQ8k6iOY18ydv++H7ut1+4NkLFTzhJeD+iw1iEglG0UqsnA4VmUK64VTcDWSdeTiqQozEo//QCxdKIx8gkNabruQn2p1SjYJLPSr3U8ISyMR3yabbjjFxYKSCh0vbFSDJ1KUcjYyaRb5MRxZFZ9ebif143xfC2PxVxkiKP2WJQmEqCiswLk0BozlBOLKFMC7shYSOqKUN7lpKt7q0WXSetq6pXq9Yeryv1u/wIRTiDc7gED26gDg/QgCYweIY3+IQvhzuvzrvzsYgWnPzPKSzB+f4DnguK5w==</latexit>. . .

<latexit sha1_base64="xojoEnkKWnFAUE2xs5hXfRV33Us="></latexit>

→ r4E2E2Y20

(
1 + k2

R5

r5
+ k22

R10

r10
+

p2
GM

R8

r7

)



• Action

EFT calculation
<latexit sha1_base64="Z0myLfOS7WpJNiTeJaPo9qgbv/E="></latexit>

S = SEH[Hµω , hµω ] + SGF[Hµω , hµω ] + SWL[Hµω , hµω , x
µ]

<latexit sha1_base64="Iqpfkkk8RIJxt6/l3xEI1ntYuDA="></latexit>

SWL =

∫
dω

[
M + ε2EijE

ij + ε222EijE
j
kE

ki + · · ·
]
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• Action

EFT calculation

Classical limit = no diagrams 
with close loops of hμν

<latexit sha1_base64="Z0myLfOS7WpJNiTeJaPo9qgbv/E="></latexit>

S = SEH[Hµω , hµω ] + SGF[Hµω , hµω ] + SWL[Hµω , hµω , x
µ]

<latexit sha1_base64="Iqpfkkk8RIJxt6/l3xEI1ntYuDA="></latexit>

SWL =

∫
dω

[
M + ε2EijE

ij + ε222EijE
j
kE

ki + · · ·
]



• Action

EFT calculation
<latexit sha1_base64="Z0myLfOS7WpJNiTeJaPo9qgbv/E="></latexit>

S = SEH[Hµω , hµω ] + SGF[Hµω , hµω ] + SWL[Hµω , hµω , x
µ]

<latexit sha1_base64="Iqpfkkk8RIJxt6/l3xEI1ntYuDA="></latexit>

SWL =

∫
dω

[
M + ε2EijE

ij + ε222EijE
j
kE

ki + · · ·
]

<latexit sha1_base64="Ec8z5TcRLKmGhHoMq8ZKojPUxyQ="></latexit>

ωg(ω=2)
tt = r2E2Y20

((
1 + . . .+#

r5s
r5

+ . . .
)
+ k2

R5

r5

)



• Action

EFT calculation
<latexit sha1_base64="Z0myLfOS7WpJNiTeJaPo9qgbv/E="></latexit>

S = SEH[Hµω , hµω ] + SGF[Hµω , hµω ] + SWL[Hµω , hµω , x
µ]

<latexit sha1_base64="Iqpfkkk8RIJxt6/l3xEI1ntYuDA="></latexit>

SWL =

∫
dω

[
M + ε2EijE

ij + ε222EijE
j
kE

ki + · · ·
]

<latexit sha1_base64="Ec8z5TcRLKmGhHoMq8ZKojPUxyQ="></latexit>

ωg(ω=2)
tt = r2E2Y20

((
1 + . . .+#

r5s
r5

+ . . .
)
+ k2

R5

r5

)

Parra-Martinez, Podo, ‘25

Accidental symmetry of static GR



• Action
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Full GR calculation
• Tolman–Oppenheimer–Volkoff equations inside the star and vacuum Einstein equations outside

<latexit sha1_base64="/8540d8uWwH8mKg8TvX1AtxTATM="></latexit>

Gµω = Tµω = 8ωG [(ε+ p)uµuω + pgµω ]
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• Tolman–Oppenheimer–Volkoff equations inside the star and vacuum Einstein equations outside
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(2)ωgµω(r, ε,ϑ) + . . .

• Expand metric and fluid variables around background in the static limit (no time dependence)
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where the asterisks denote symmetric components and rs ⌘ 2GM , with M the mass of the black hole. In

eq. (2.2), �gµ⌫ describes the deviation from the Schwarzschild metric.

To write �gµ⌫ in four spacetime dimensions, we follow the standard Regge–Wheeler (RW) parameteri-

zation [58]. It is convenient to classify the metric perturbations according to their behavior under parity

transformation, (✓,�) ! (⇡ � ✓,� + ⇡). We thus distinguish between even, or polar, perturbations, and

odd, or axial, perturbations. Moreover, we use the index + to label parity-even quantities and the index

� for parity-odd quantities.
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Here rA and ✏AB are the covariant derivative and Levi-Civita tensor on a sphere, respectively, as reviewed

in appendix A. Two-dimensional tensors labeled by capital latin letters, A,B,C, . . ., are raised and lowered

using the metric on the unit sphere �AB, with line element �ABdxAdxB = d✓2 + sin2 ✓ d�2.

The quantities Ha, Ha, K, G and ha above are functions of the coordinates (t, r, ✓,�). However, since

here we consider only the static limit, they are independent of time. Moreover, given the symmetries of

the background solution g
Sch
µ⌫ , it is convenient to decompose these quantities in spherical harmonics. For

instance, for H0 we write
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G appearing in �g
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µ⌫ do not transform under parity, ha flip sign under a parity transformation, ensuring

that gµ⌫ transforms under parity as a 2-tensor. Therefore, from the behavior of Y m

`
(✓,�) under parity,
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• Regge-Wheeler approach [Regge & Wheeler ’57]

<latexit sha1_base64="/8540d8uWwH8mKg8TvX1AtxTATM="></latexit>

Gµω = Tµω = 8ωG [(ε+ p)uµuω + pgµω ]

• Expand metric and fluid variables around background in the static limit (no time dependence)
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• Regge-Wheeler approach [Regge & Wheeler ’57]
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Gµω = Tµω = 8ωG [(ε+ p)uµuω + pgµω ]

• Expand metric and fluid variables around background in the static limit (no time dependence)

• Solve Einstein equations perturbatively at linear and quadratic order, imposing regularity at the 
star center and “continuity” at the star surface

<latexit sha1_base64="Spm8Vsz1x8iS51Uvis+vqV5Ja5Y="></latexit>

ωg
+
µωdx

µ
dx

ω =
[
f(r)H0(r)dt

2 + 2H1(r)dtdr +H2(r)/f(r)dr
2 + r

2
K(r)d!2

]
Yεm

<latexit sha1_base64="23YGfHK8NfTLxb9ToCaIKdOGxkw=">AAACLXicbZDLSsNAGIUn9VbrLerSzWgRKkJJilRBhIILXUkFe4Gmhsl02g6dTMJchBLyTG58CF/AhSJuFHwN0zaLXjwwcPj+f5g5xwsZlcqy3o3M0vLK6lp2PbexubW9Y+7u1WWgBSY1HLBAND0kCaOc1BRVjDRDQZDvMdLwBtejeeOJCEkD/qCGIWn7qMdpl2KkEuSadzdu5PgaOlzH8Ao6HhJwGp3CKH6MCvZJ7BxO8RSX5jB0zbxVtMaCi8ZOTR6kqrrmq9MJsPYJV5ghKVu2Fap2hISimJE452hJQoQHqEeicdoYHieoA7uBSA5XcExn9pAv5dD3kk0fqb6cn43gf7OWVt2LdkR5qBXhePJQVzOoAjiqDnaoIFixYWIQFjT5IcR9JBBWScG5JLo9H3TR1EtFu1ws35/lK5dpCVlwAI5AAdjgHFTALaiCGsDgBXyAb/BjPBtvxqfxNVnNGOmdfTAj4/cPChyl8Q==</latexit>

Gµω = Ḡµω + (1)Gµω + (2)Gµω

<latexit sha1_base64="VsSYd80o3+YHKc2eIKxugWWmNXo=">AAACLXicbZDLSsNAGIUn9VbrLerSzWgRKkJJilRBhIIbV1KhN2hqmEyn7dDJJMxFKCHP5MaH8AVcKOJGwdcwbbPoxQMDh+//h5lzvJBRqSzr3cisrK6tb2Q3c1vbO7t75v5BQwZaYFLHAQtEy0OSMMpJXVHFSCsUBPkeI01veDueN5+IkDTgNTUKScdHfU57FCOVINe8r7mR42vocB3DG+h4SMBZdA6j+DEq2GexczzDU1xawNA181bRmgguGzs1eZCq6pqvTjfA2idcYYakbNtWqDoREopiRuKcoyUJER6iPokmaWN4mqAu7AUiOVzBCZ3bQ76UI99LNn2kBnJxNob/zdpa9a46EeWhVoTj6UM9zaAK4Lg62KWCYMVGiUFY0OSHEA+QQFglBeeS6PZi0GXTKBXtcrH8cJGvXKclZMEROAEFYINLUAF3oArqAIMX8AG+wY/xbLwZn8bXdDVjpHcOwZyM3z9gCKYl</latexit>

Tµω = T̄µω + (1)Tµω + (2)Tµω

<latexit sha1_base64="U43YByYKD312F01HvgISbbRICZk=">AAACHnicbZBbS8MwHMXTeZvzVvXRl+iQTYTRikxBxMFe9jjBXWCbJc3SLSy9kKTCKP0uvvhVRBDxRUG/jVnXl3UeCBx+/39IzrEDRoU0jF8tt7K6tr6R3yxsbe/s7un7B23hhxyTFvaZz7s2EoRRj7QklYx0A06QazPSsSf12bzzRLigvvcgpwEZuGjkUYdiJBWy9LsofozK5lncP4YNyyiV4DmsWybM4IQaGQpvoWHpRaNiJILLxkxNEaRqWvpbf+jj0CWexAwJ0TONQA4ixCXFjMSFfihIgPAEjUiUxIvhqUJD6PhcHU/ChC7sIVeIqWurTRfJscjOZvC/WS+UzvUgol4QSuLh+UNOyKD04awrOKScYMmmyiDMqfohxGPEEZaq0YKKbmaDLpv2RcWsVqr3l8XaTVpCHhyBE1AGJrgCNdAATdACGLyAd/AFvrVn7VX70D7nqzktvXMIFqT9/AFY1Jt5</latexit>

(1)
H

→→
0 + C1

(1)
H

→
0 + C0

(1)
H0 = 0

<latexit sha1_base64="lYySN1LBP5IiPQTk1rfHhzOdq+U=">AAACRHicbZBbS8MwHMXTeZvzVvXRl+iQbQijHTIFEQZ72eNEd4F1ljRLXVh6IUmFUfr1RPAT+B18EfFFQey6IqzzD4HD75yQ/I/lMyqkpr0quZXVtfWN/GZha3tnd0/dP+gKL+CYdLDHPN63kCCMuqQjqWSk73OCHIuRnjVpzvzeI+GCeu6dnPpk6KAHl9oUIxkjUyVhdB+Wa5XIOIYtUyuV4BlsmjrM4IRqGQqv4S0sJ0z/Y4aQiMNFWDHVolbVkoHLQk9FEaTTNtVnY+ThwCGuxAwJMdA1Xw5DxCXFjEQFIxDER3iCHkiYlBDB0xiNoO3x+LgSJnQhhxwhpo4VJx0kxyLrzeB/3iCQ9uUwpK4fSOLi+UN2wKD04KxROKKcYMmmsUCY0/iHEI8RR1jGvRfi1fXsosuiW6vq9Wr95rzYuEpLyIMjcALKQAcXoAFaoA06AIMX8A6+wLfypLwpH8rnPJpT0juHYGGUn18uhahq</latexit>

(2)
H

→→
0 + C1

(2)
H

→
0 + C0

(2)
H0 = S((1)H0 ω

(1)
H0) Quadratic

Linear [Damour & Nagar ’09]



• Linear master equation: <latexit sha1_base64="fiIM92Huu8/PkAecr6SwwpeuUEE=">AAACC3icbVDLSgMxFL1TX7W+qi7dBItQQcuMSBXcFNy4UKhgH9CpJZNm2tDMwyRTKMN8ght/xY2IGwXBX/BvTNvZtPVA4HDOvdyc44ScSWWav0ZmaXlldS27ntvY3Nreye/u1WUQCUJrJOCBaDpYUs58WlNMcdoMBcWew2nDGVyP/caQCskC/0GNQtr2cM9nLiNYaamTP0H0MT5F9q1e6WJUFMcJsulTxIbIQlp3BSbx3ViORdLJF8ySOQFaJFZKCpCi2sn/2N2ARB71FeFYypZlhqodY6EY4TTJ2ZGkISYD3KPxJEuCjrTURW4g9PMVmqgzc9iTcuQ5etLDqi/nvbH4n9eKlHvZjpkfRor6ZHrIjThSARoXg7pMUKL4SBNMBNM/RKSPdXyl68vp6NZ80EVSPytZ5VL5/rxQuUpLyMIBHEIRLLiACtxAFWpA4AXe4BO+jGfj1Xg3PqajGSPd2YcZGN9/YpWYiA==</latexit>

e→!(r) → 1↑ M(r)

r

• Quadratic master equation:

<latexit sha1_base64="9KXF4v9TaIq1k9q1eKCCQBw8MUM="></latexit>

(1)
H

→→
0 + (1)

H
→
0

2
[
r →M + 2ωr3(p̄→ ε̄)

]

r(r → 2M)

+ (1)
H0

{
4ωr(p̄+ ε̄)ε̄→

(r → 2M)p̄→
→

2M
(
→2rϑ+ 52ωr3p̄+ 20ωr3ε̄

)
+ 2r2ϑ+ 4M2 + 4ωr4

[
p̄
(
16ωr2p̄→ 9

)
→ 5ε̄

]

r2(r → 2M)2

}
= 0

<latexit sha1_base64="wJ+6CZG1gAqAPzdqrqTXh3NZ/qI="></latexit>

(2)
H

→→
0 + (2)

H
→
0

2
[
r →M + 2ωr3(p̄→ ε̄)

]

r(r → 2M)

+ (2)
H0

{
4ωr(p̄+ ε̄)ε̄→

(r → 2M)p̄→
→

2M
(
→2rϑ+ 52ωr3p̄+ 20ωr3ε̄

)
+ 2r2ϑ+ 4M2 + 4ωr4

[
p̄
(
16ωr2p̄→ 9

)
→ 5ε̄

]

r2(r → 2M)2

}
= SH0

<latexit sha1_base64="wgUJVWPUAo3j1NMT9ZoQRp/rtD0=">AAAB9HicbVDLSgMxFL1TX7W+RsWVm2ARKkKZKVIFEQpuXFawD+iUkslk2tDMgyRTKEP/xI2IGwW/w1/wb8y0s2nrgYTDOSfk3uPGnEllWb9GYWNza3unuFva2z84PDKPT9oySgShLRLxSHRdLClnIW0ppjjtxoLiwOW0444fM78zoUKyKHxR05j2AzwMmc8IVloamGcO12EPPyCHcl7Jrmv7amCWrao1B1ondk7KkKM5MH8cLyJJQENFOJayZ1ux6qdYKEY4nZWcRNIYkzEe0nQ+9AxdaslDfiT0CRWaq0s5HEg5DVydDLAayVUvE//zeony7/opC+NE0ZAsPvITjlSEsgaQxwQlik81wUQwPSEiIywwUbqnkl7dXl10nbRrVbterT/flBv3eQlFOIcLqIANt9CAJ2hCCwik8Aaf8GVMjFfj3fhYRAtG/uYUlmB8/wEcsJAl</latexit>

ω = ε(ε+ 1)

<latexit sha1_base64="ql5Lk4oATSORDYqrj77zMwJi5aI="></latexit>

→SH0 = ((1)H →
0)

2 + (1)
H0

(1)
H

→
0

3
(
M + 4ωr3p̄

)

r(r → 2M)
+ ((1)H0)

2

{
ωr

3(p̄+ ε̄)

r2c4
s

(
2rcsc→s

M + 4ωr3p̄
+

1

r → 2M

)

+
6ωr(p̄+ ε̄)

c2
s
(r → 2M)

+
rM

[
2ωr2(71p̄+ 15ε̄) + 3

]
→ 7M2 + ωr

4
[
p̄
(
176ωr2p̄→ 27

)
→ 15ε̄

]
+ 3r2

r2(r → 2M)2

}

Example: Source for  sourced by ℓ = 2 ℓ1 = 2, ℓ2 = 2

Full GR calculation



Matching at 𝒪(ℰ) [Pani, Riva, Santoni, Savic, FV ’25]


<latexit sha1_base64="GGfmKzaC9t8zNMDdegraQ0ukmlQ="></latexit>

ωg(ω=2)
tt = r2E2Y20

(
1 + k2

R5

r5

)
EFT: 

Full GR: 
<latexit sha1_base64="JvOBnPIkt2b0Qg8lyMGhDVlp7eQ="></latexit>

ωg(ω=2)
tt = Ẽ2Y20

(
1→ rs

r

)[
r(r → rs) +

a

r3s
Q2

2(2r/rs → 1)

]

• Matching at : r ≫ rs

[Hinderer ’06;

Damour & Nagar ’09]

<latexit sha1_base64="IAFf/aWx5z8iHsxQVA2H6StQCd0=">AAACAXicbVDNSgMxGMz6W+vfqkcvoUWoIGW3SBVEKPTisYr9gW5ZstlsG5rdrElWWUpPXnwVLyJeFHwBX8G3Md320tYPEoaZ+UhmvJhRqSzr11hZXVvf2Mxt5bd3dvf2zYPDluSJwKSJOeOi4yFJGI1IU1HFSCcWBIUeI21vWJ/o7UciJOXRvUpj0gtRP6IBxUhpyjULzh3tDxQSgj9B5yFBPoRDtwKvs7tUP0tPXbNola1s4DKwZ6AIZtNwzR/H5zgJSaQwQ1J2bStWvRESimJGxnknkSRGeIj6ZJQlGMMTTfkw4EKfSMGMnfOhUMo09LQzRGogF7UJ+Z/WTVRw2RvRKE4UifD0oSBhUHE4qQP6VBCsWKoBwoLqH0I8QAJhpUvL6+j2YtBl0KqU7Wq5enterF3NSsiBY1AAJWCDC1ADN6ABmgCDF/AGPsGX8Wy8Gu/Gx9S6Ysx2jsDcGN9/BumUaA==</latexit>

→ k2 = k2(C, y)

10

1. Linear perturbations

The most general exterior solution of the linear
equation (47) for ω= 2 is

(1)Hext(r) = Ẽ [H→(r)+aH↑(r)] , (53)

where Ẽ and a are arbitrary constants, to be fixed by the
boundary conditions, and we have defined the growing and
decaying solutions as

H→(r) = r(r↓ rs) , (54)

H↑(r) =
5
r3

s
Q2

2(2r/rs ↓1) =
1
r3 (1+O(rs/r)) , (55)

respectively, with Q2
2 being an associated Legendre function

of the second kind. With this in hand, the tt-component of the
linear metric perturbation outside the star is

(1)!g(ω=2,m)
tt (r) = Ẽ

(
1↓ rs

r

)
[H→(r)+aH↑(r)] . (56)

This solution must be matched, for r ↔ R↗ ↘ rs, to the EFT
linear solution, i.e. to the first term on the right-hand side of
Eq. (19), yielding

E2,m = Ẽ , ∀2 =
a

12G
. (57)

We can now relate Ẽ and a to the numerical interior solution
by matching at the stellar surface. By imposing continuity
of (1)H and its radial derivative at the surface, we obtain the
following system of equations:

(1)Hint(R↗) = Ẽ [H→(R↗)+aH↑(R↗)], (58)
(1)H ≃

int(R↗) = Ẽ [H ≃
→(R↗)+aH ≃

↑(R↗)] . (59)

We can then solve this system for Ẽ and a in terms of
H→(R↗), H↑(R↗), (1)Hint(R↗) and (1)H ≃

int(R↗), the latter two
being determined by the numerical integration. The value
of Ẽ is proportional to the constant C1 of the regular interior
solution at the center and fixes the tidal-field amplitude E2,m
as in Eq. (57); since it does not influence the matching, it can
be chosen arbitrarily. Furthermore, using the solution for a
together with the matching condition (57) and the definition
of k2, Eq. (5), yields [5]

k2 =
8C5(1↓2C)2[1+(1↓2C)(1↓ y)]

10C [4C4 ↓4C3 +26C2 ↓24C+(4C4 +6C3 ↓22C2 +15C↓3)y+6]+15(1↓2C)2 log(1↓2C)[1+(1↓2C)(1↓ y)]
,

(60)

where we have introduced the logarithmic derivative at the
stellar surface,

y ⇐
R↗

(1)H ≃
int(R↗)

(1)Hint(R↗)
. (61)

For both the polytropic and realistic EoS considered here,
y varies slowly as the compactness changes across a reason-
able range. Despite the C5 factor in the numerator, Taylor-
expanding k2 for small compactness, while keeping y fixed,
yields

k2 =↓ y↓2
2(y+3)

+
5C(y(y+2)↓6)

2(y+3)2 +O
(
C2) , (62)

showing that k2 = O(1) in the C ⇒ 0 limit. For the realistic
EoS considered here, one finds that y ⇒ 2 in the small
compactness limit, resulting in k2 ⇑ O(1)C.

Similarly, expanding k2 around the black-hole compactness,
C = 1/2, and keeping y fixed, gives

k2 =
4
5
(C↓1/2)2 +O

(
(C↓1/2)3

)
, (63)

which, interestingly, does not depend on y at leading order.
Although ordinary matter cannot support compact objects near
the maximum compactness [71]—thus preventing from physi-
cally probing the black-hole limit—the formal expansion of k2
nevertheless captures the fact that k2 ⇒ 0 as one approaches
maximal compactness.

2. Quadratic perturbations

We now proceed to match the second-order solution using
the same approach as before, with the difference that, in
addition to the homogeneous solutions, there is a contribution
from the source term of the quadratic equation, Eq. (50).
To evaluate the source, Eq. (51), we use the linear solution
computed above, for (ω= 2,m = 0). The general second-order
solution outside the star can therefore be written as

(2)Hext(r) = E 2
2,0[c→H→(r)+ c↑H↑(r)+Hpart(r)], (64)

where c→ and c↑ are integration constants and Hpart(r) is the
particular solution with the overall factor Ẽ 2 factored out.
Without loss of generality, we choose the particular solution
so that its large-r expansion contains neither r2 nor 1/r3 terms.
Focusing on the (ω= 2,m = 0) multipole, this can be written
as

Hpart(r) = I000
222

[
F0(r)+G∀2F1(r)+G2∀ 2

2 F2(r)
]
, (65)

where

F0(r) =↓1
2

r4
(

1+
1
2

rs

r
↓ 3

2
r3

s
r3

)
, (66)

F1(r) =↓12
r

[
1↓ 11

8
rs

r
+O

(
r3

s
r3

)]
, (67)

<latexit sha1_base64="fUqRB+A8XfveCqGrC4F4ZkxmRMI=">AAACIXicbVBLSwMxGMzWd31VPXr5cBE8SNktvkAEUQSPVWwrdOuSzWZraPZhkhXKsr/Giz9FLyJeVPwzpo+DbR0IDDMTkhkv4Uwqy/o2ClPTM7Nz8wvFxaXlldXS2npdxqkgtEZiHotbD0vKWURriilObxNBcehx2vA65z2/8UiFZHF0o7oJbYW4HbGAEay05JbOModgDhe5W4ETcBTjPoU/mnMMu+A8PKTYh84gY4ITCEwynGfXd/s5uCXTKlt9wCSxh8REQ1Td0ovjxyQNaaQIx1I2bStRrQwLxQinedFJJU0w6eA2zfoNc9jWkg9BLPSJFPTVkRwOpeyGnk6GWN3Lca8n/uc1UxUctTIWJamiERk8FKQcVAy9ucBnghLFu5pgIpj+IZB7rOsrPWpRV7fHi06SeqVsH5QPrvbM0+PhCPNoE22hHWSjQ3SKLlEV1RBBz+gNfaIv48l4Nd6Nj0G0YAzvbKARGD+/90KgDg==</latexit>

E2 = Ẽ2 , k2 = #
a

R5

<latexit sha1_base64="nHmEtvyclgZkjEvmsq0M0jNy/94=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBEqSJkRqYIIhW5cVrAPaEvJpJk2NjMZkjvCUPoPbkTcKPg1/oJ/Y/rYtPVA4HDOCfee68dSGHTdX2dtfWNzazuzk93d2z84zB0d141KNOM1pqTSTZ8aLkXEayhQ8masOQ19yRv+sDLxGy9cG6GiJ0xj3glpPxKBYBSt1KLknlBSqFymF91c3i26U5BV4s1JHuaodnM/7Z5iScgjZJIa0/LcGDsjqlEwycfZdmJ4TNmQ9vlouuiYnFupRwKl7YuQTNWFHA2NSUPfJkOKA7PsTcT/vFaCwW1nJKI4QR6x2aAgkQQVmbQmPaE5Q5laQpkWdkPCBlRThvY2WVvdWy66SupXRa9ULD1e58t38yNk4BTOoAAe3EAZHqAKNWCg4A0+4ct5dl6dd+djFl1z5n9OYAHO9x999osv</latexit>

a = a(C, y)

<latexit sha1_base64="s39NfAPU47yc6HbomhnI9h++9kQ="></latexit>

y =
r
(1)
H

→
0(r)

(1)H0(r)

∣∣∣∣
r=R



Matching at 𝒪(ℰ2)

<latexit sha1_base64="v3uvLGePXQpRUHlQ10dEDxuYqEs=">AAACJHicbVBLS8NAGNzUV62vqEcvi0WoUEpSpAoiFIrgsYpthaaEzWbbLt083N0oMeTvePGPePAi4kEFf4tJmktbBxaGmdn99hvLZ1RITftSCkvLK6trxfXSxubW9o66u9cVXsAx6WCPefzOQoIw6pKOpJKRO58T5FiM9KxJK/V7D4QL6rm3MvTJwEEjlw4pRjKRTPXSuKGjsUSce4/QuA+QDSMjezbixI6hb0b1OIYXM6oPUxVWWtUQVuHTcWyqZa2mZYCLRM9JGeRom+qrYXs4cIgrMUNC9HXNl4MIcUkxI3HJCATxEZ6gEYmyuTE8SiQbDj2eHFfCTJ3JIUeI0LGSpIPkWMx7qfif1w/k8GwQUdcPJHHxdNAwYFB6MG0M2pQTLFmYEIQ5TX4I8RhxhGXSaylZXZ9fdJF06zW9UWtcn5Sb53kJRXAADkEF6OAUNMEVaIMOwOAFvINv8KM8K2/Kh/I5jRaU/M4+mIHy+wf5daQS</latexit>

→ p2 = p2(C, y, z)

[Pani, Riva, Santoni, Savic, FV ’25]


<latexit sha1_base64="GGfmKzaC9t8zNMDdegraQ0ukmlQ="></latexit>

ωg(ω=2)
tt = r2E2Y20

(
1 + k2

R5

r5

)
EFT: 

Full GR: 
<latexit sha1_base64="JvOBnPIkt2b0Qg8lyMGhDVlp7eQ="></latexit>

ωg(ω=2)
tt = Ẽ2Y20

(
1→ rs

r

)[
r(r → rs) +

a

r3s
Q2

2(2r/rs → 1)

]

<latexit sha1_base64="okX2pNRaNdjCEOX883IGtLkqFZg="></latexit>

+Ẽ2Ẽ2Y20

(
1→ rs

r

) [
c1r(r → rs) + c2 Q

2
2(2r/rs → 1) +H

part
0 (r)

]

<latexit sha1_base64="UxAOqbj2NbuKmF1/BJ2GGkeLtUo="></latexit>

z =
rs

2(1)H0(r)

( (2)
H0(r)

(1)H0(r)

)→∣∣∣∣∣
r=R

<latexit sha1_base64="s39NfAPU47yc6HbomhnI9h++9kQ="></latexit>

y =
r
(1)
H

→
0(r)

(1)H0(r)

∣∣∣∣
r=R

<latexit sha1_base64="s+ZrQCwZ3ykU97YwbSJ/ltGOfEk=">AAAB+HicbVBbSwJBGP22q9ltq6foZUgCA5FdCQsiEHzp0SAvoLLMjrM6OHthZjZYRforvUT0UtCv6C/0bxp1e1A7MHA45wzf9x034kwqy/ox1tY3Nre2MzvZ3b39g0Pz6Lghw1gQWichD0XLxZJyFtC6YorTViQo9l1Om+6wOvWbT1RIFgaPKolo18f9gHmMYKUlxzwlztgulCboDv2xfLWQFEaXjpmzitYMaJXYKclBippjfnd6IYl9GijCsZRt24pUd4yFYoTTSbYTSxphMsR9Op4tPkEXWuohLxT6BQrN1IUc9qVMfFcnfawGctmbiv957Vh5N90xC6JY0YDMB3kxRypE0xZQjwlKFE80wUQwvSEiAywwUbqrrD7dXj50lTRKRbtcLD9c5Sq3aQkZOINzyIMN11CBe6hBHQg8wyt8wKcxMl6MN+N9Hl0z0j8nsADj6xfdCJBi</latexit>

c1,2 = c1,2(C, y, z)

• Matching at : r ≫ rs

<latexit sha1_base64="xojoEnkKWnFAUE2xs5hXfRV33Us="></latexit>

→ r4E2E2Y20

(
1 + k2

R5

r5
+ k22

R10

r10
+

p2
GM

R8

r7

)



Quadratic Love Number  

18

where

F0(r) =→1
4

r
(
2r3 + r2rs →3r3
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• “Realistic” equations of state
Linear Love Quadratic Love

Quadratic/Linear M-R



Results [Pani et al. ’25

Agreement with Pitre & Poisson ’25]

• Polytropic equation of state: 
<latexit sha1_base64="p69N2tdggil4O5sWANShJxUzPvQ=">AAAB8HicbVDLSgMxFL1TX7W+prp0EyyCINQZkSqIUOjGZQX7gLaWTJq2oZlkSDJKGfofbkTcKPgl/oJ/Y9rOpq0HAodzTrj33CDiTBvP+3Uya+sbm1vZ7dzO7t7+gZs/rGsZK0JrRHKpmgHWlDNBa4YZTpuRojgMOG0Eo8rUbzxTpZkUj2Yc0U6IB4L1GcHGSl03H92hCmqroXxK/HP/Qky6bsErejOgVeKnpAApql33p92TJA6pMIRjrVu+F5lOgpVhhNNJrh1rGmEywgOazBaeoFMr9VBfKvuEQTN1IYdDrcdhYJMhNkO97E3F/7xWbPo3nYSJKDZUkPmgfsyRkWjaHvWYosTwsSWYKGY3RGSIFSbG3ihnq/vLRVdJ/bLol4qlh6tC+TY9QhaO4QTOwIdrKMM9VKEGBF7gDT7hy1HOq/PufMyjGSf9cwQLcL7/APomjlk=</latexit>

p = Cω1+1/n



Conclusion

• Obtained static quadratic tidal Love number of neutron stars by matching the 
effective field theory with stellar perturbation theory at second-order 

• Future: Extend to odd modes and all multipoles, study observability including other 
subdominant effects, going beyond static…
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M1 = M2 = 1.4M→ , C = 0.1 , p2/k2 = 5


