Progress in the Field of Gravitational Self-Force

Samuel Upton

Astronomical Institute of the Czech Academy of Sciences

czechLISA (23 January 2023)

Astronomical
Institute
of the Czech Academy

of Sciences

Samuel Upton (ASU) Gravitational Self-Force czechLISA (23 January 2023)



Introduction

Self-force overview

Issues encountered at second order

Overview of the highly regular gauge and advantages
® Derivation of second-order stress-energy tensor — the Detweiler stress-energy tensor
® Using Detweiler canonical defintion in EFEs
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Self-Force Overview
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Image adapted from Barack & Pound, 2018, arXiv:1805.10385
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What Order is Required?

e Second order perturbation theory crucial for precise parameter extraction from

EM RIS [Hinderer and Flanagan, 2008, 0805.3337]
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What Order is Required?

e Second order perturbation theory crucial for precise parameter extraction from

EM RIS [Hinderer and Flanagan, 2008, 0805.3337]

® How do we know this? Heuristically: [Pound, 2012, 1206.6538]
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What Order is Required?

e Second order perturbation theory crucial for precise parameter extraction from
EMRIs [Hinderer and Flanagan, 2008, 0805.3337]
® How do we know this? Heuristically: [Pound, 2012, 1206.6538]
® We have a worldline z(t) that has acceleration a with error da
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® We have a worldline z(t) that has acceleration a with error da
® Error in position is 6z ~ t2da
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What Order is Required?

e Second order perturbation theory crucial for precise parameter extraction from
EM RIS [Hinderer and Flanagan, 2008, 0805.3337]
® How do we know this? Heuristically: [Pound, 2012, 1206.6538]

® We have a worldline z(t) that has acceleration a with error da
® Error in position is 6z ~ t2da
* As EMRIs evolve over t ~ 1/e, the error is §z ~ da/e?
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What Order is Required?

e Second order perturbation theory crucial for precise parameter extraction from
EM RIS [Hinderer and Flanagan, 2008, 0805.3337]

® How do we know this? Heuristically: [Pound, 2012, 1206.6538]
® We have a worldline z(t) that has acceleration a with error da
® Error in position is 6z ~ t2da

* As EMRIs evolve over t ~ 1/e, the error is §z ~ da/e?
* For §z < 1, we require da ~ €3
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What Order is Required?

e Second order perturbation theory crucial for precise parameter extraction from
EM RIS [Hinderer and Flanagan, 2008, 0805.3337]

® How do we know this? Heuristically: [Pound, 2012, 1206.6538]
® We have a worldline z(t) that has acceleration a with error da
® Error in position is 6z ~ t2da
* As EMRIs evolve over t ~ 1/e, the error is §z ~ da/e?
* For §z < 1, we require da ~ €3

® Thus we need to calculate the force to second order in the mass ratio
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More RigorOUS|y. » « [Hinderer and Flanagan, 2008, 0805.3337]

® For evolution time ¢ ~ 1/e the phase has expansion

0= (o0 +epr +0())
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More RigorOUS|y. » « [Hinderer and Flanagan, 2008, 0805.3337]

® For evolution time ¢ ~ 1/e the phase has expansion

0= (o0 +epr +0())

® (g is the adiabatic term constructed from (f}'y.,)
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More RigorOUS|y. » « [Hinderer and Flanagan, 2008, 0805.3337]

® For evolution time ¢ ~ 1/e the phase has expansion

0= (o0 +epr +0())

® (g is the adiabatic term constructed from (f}'y.,)

® (o is the post-adiabatic term constructed from (f3 yis), f1.cons and oscillatory part of
f{Ldiss
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More RigorOUS|y. » « [Hinderer and Flanagan, 2008, 0805.3337]

For evolution time ¢ ~ 1/¢ the phase has expansion

0= (o0 +epr +0())

(o is the adiabatic term constructed from (f{' ;)

(1 is the post-adiabatic term constructed from (f5 yis), f1.cons and oscillatory part of
f{Ldiss

® For error < 1, we need ¢, and ¢
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Matched Asymptotic Expansions
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Image credit: Barack & Pound, 2018, arXiv:1805.10385
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Matched Asymptotic Expansions
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Regular and Singular Fields

* Outside object, metric perturbations split into two fields, h,, = hf},j + h;Sw [Pound, 2012,

1206.6538]
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Regular and Singular Fields

* Outside object, metric perturbations split into two fields, h,, = hf},j + h;Sw [Pound, 2012,

1206.6538]

e Singular field contains information about small object’'s multipole structure:
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Regular and Singular Fields

* Outside object, metric perturbations split into two fields, h,, = hf},j + h;Sw [Pound, 2012,
1206.6538]
e Singular field contains information about small object’'s multipole structure:
® Generically
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Regular and Singular Fields

® Outside object, metric perturbations split into two fields, h,, = hf},j + hfw [Pound, 2012,
1206.6538]
e Singular field contains information about small object’'s multipole structure:
® Generically ,
Sy~ 62%2“““ +o(e)

* Regular field is vacuum solution, §G**[h®] = 0, and smooth on worldline:
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Regular and Singular Fields

* Outside object, metric perturbations split into two fields, %, = hy%, 4 hS, oud. 2012,
1206.6538]
e Singular field contains information about small object’'s multipole structure:
® Generically
2 a
m m~+ M*+ 5S¢
h[SLV ~ €— + €2+—2—|— + 0(63)
r T
* Regular field is vacuum solution, §G**[h®] = 0, and smooth on worldline:
® Contributes to external tidal moments that small object feels
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Regular and Singular Fields

* Outside object, metric perturbations split into two fields, h,, = hf},j + h;Sw [Pound, 2012,
1206.6538]
e Singular field contains information about small object’'s multipole structure:
® Generically
2 a a
S m  am 4+ M+ S 3
h;U'VN€7+€ T+O(E)
* Regular field is vacuum solution, §G**[h®] = 0, and smooth on worldline:

® Contributes to external tidal moments that small object feels
® Form of Taylor expansion

Rn _ 1 Rn Rn a 17 Rn a,.b 3
h;w - h;w |7 + h,ulx,a|7x + Eh’,uzz,ab|’Y$ T+ O<T )
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Second-Order EFEs and EoM

® Through second order, EFEs take the form:

5G™ [hY] = 87T
5G™[h?] = 8T — G [, h]

where T[" is the stress-energy of a point particle

Samuel Upton (ASU) Gravitational Self-Force czechLISA (23 January 2023)



Second-Order EFEs and EoM

® Through second order, EFEs take the form:

5G™ [hY] = 87T
5G™[h?] = 8T — G [, h]

where T[" is the stress-energy of a point particle

e Equation of motion for non-spinning, spherically symmetric small object given by
[Pound, 2012, 1201.5089 & 2017, 1703.02836]
D2z 1

drz _§PW (90’6 - hgé) (QhéRﬁW - hgwé)uﬁm T 0(63)
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Generalised Equivalence Principle poue 2o, 0023

exact

® Small object # geodesic in g5

b
or gw%
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Generalised Equivalence Principle poue 2o, 0023

exact
i

® Instead, it is a geodesic in effective metric

® Small object # geodesic in g or gz,%

gwf = gZIg/ + hf}u
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Generalised Equivalence Principle poue 2o, 0023

exact
i

® Instead, it is a geodesic in effective metric

® Small object # geodesic in g or gz,%

~ b R
g}U/ - g,u,lg/ + h’,uy
e Effective metric is a smooth, vacuum solution to EFEs

G"[g+h] = O(¢)
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Generalised Equivalence Principle poue 2o, 0023

exact
i

Instead, it is a geodesic in effective metric

Small object # geodesic in g or gz,%

gwf = gZIg/ + hf}u

Effective metric is a smooth, vacuum solution to EFEs
it ofe)

e Can rewrite equation of motion as
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Generalised Equivalence Principle poue 2o, 0023

exact
i

Instead, it is a geodesic in effective metric

Small object # geodesic in g or gz,%

gwf = gllj,lg/ + hf}u

Effective metric is a smooth, vacuum solution to EFEs
it ofe)

e Can rewrite equation of motion as

This is the generalised equivalence principle
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Solving the Field Equations

® Only used method at second order is a puncture scheme
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* Here, replace singular field with a local approximation, i.e. hl,, ~ hS,
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Solving the Field Equations

® Only used method at second order is a puncture scheme
* Here, replace singular field with a local approximation, i.e. hl,, ~ hS,

* Define residual field, h%, == h,, — hl, so that hlY, ~ h}}, near v
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Solving the Field Equations

® Only used method at second order is a puncture scheme

* Here, replace singular field with a local approximation, i.e. hl,, ~ hS,
* Define residual field, h%, == h,, — hl, so that hlY, ~ h}}, near v

¢ EFEs and EoM become

(5G‘“’[hm] = — 5G“”[hm]
6G‘“’[hm] = — 62G””[h1] + 5G””[hm]
D%z 1

= g (90" = W) (21T, — s )u’u” + O(€%)
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Solving the Field Equations

® Only used method at second order is a puncture scheme

Here, replace singular field with a local approximation, i.e. hfy ~ hlsw
; : - R ._ P R ~ pR

Define residual field, h 7, == hy, — h/, so that h;, = h,, near vy

EFEs and EoM become

(5G‘“’[hm] = — 5G“”[hm]
6G‘“’[hm] = — 62G””[h1] + 5G””[hm]
D%z 1

= g (90" = W) (21T, — s )u’u” + O(€%)

Also requires the use of a two-timescale expansion based on a “fast time" and “slow
time” to capture processes happening on the orbital timescale and the
radiation-reaction timescale miler & Pound, 2021, 2006.11263]
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Current Status

e First order:
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Current Status

e First order:

® Full inspiral driven by first-order self-force for spinning small object on generic orbit in
SChWarZSChlld [Warburton et al., 2012, 1111.6908; Osburn et al., 2016, 1511.01498; Warburton et al., 2017, 1708.03720; van de Meent

& Warburton, 2018, 1802.05281; and others]
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® Self-force along generic bound orbit in Kerr [an de Meent, 2018, 1711.09607]
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Current Status

e First order:

® Full inspiral driven by first-order self-force for spinning small object on generic orbit in
SChWarZSChlld [Warburton et al., 2012, 1111.6908; Osburn et al., 2016, 1511.01498; Warburton et al., 2017, 1708.03720; van de Meent
& Warburton, 2018, 1802.05281; and others]

® Self-force along generic bound orbit in Kerr [an de Meent, 2018, 1711.09607]

® Corrections due tO Spin haVe been derived e.g. [Mathews et al., 2022, 2112.13069; Skoupy & Lukes-Gerakopoulos, 2021,

2102.04819 & 2022, 2201.07044]
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Current Status

® First order:
® Full inspiral driven by first-order self-force for spinning small object on generic orbit in
Schwarzschild warburton et al., 2012, 1111.6008; Osburn et al., 2016, 1511.01498; Warburton et al., 2017, 1708.03720; van de Meent
& Warburton, 2018, 1802.05281; and others]
® Self-force along generic bound orbit in Kerr [an de Meent, 2018, 1711.09607]
e Corrections due to spin have been derived g (Mathews et al., 2022, 2112.13069; Skoupy & Lukes-Gerakopoulos, 2021,

2102.04819 & 2022, 2201.07044]

e Effect of resonances is being investigated e [Lukes Gerakopoulos & Witzany, 2021, 2103.06724]
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Current Status (cont.)

e Second order (quasicircular orbits in Schwarzschild):
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Current Status (cont.)

e Second order (quasicircular orbits in Schwarzschild):

® Binding energy (Pound et al., 2020, 1908.07419]
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Current Status (cont.)

e Second order (quasicircular orbits in Schwarzschild):

® Binding energy (Pound et al., 2020, 1908.07419]
® Gravitational wave energy flux warburton et al., 2021, 2107.01208]
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Current Status (cont.)

e Second order (quasicircular orbits in Schwarzschild):

® Binding energy (Pound et al., 2020, 1908.07419]
® Gravitational wave energy flux warburton et al., 2021, 2107.01208]

® Waveforms (wardell et al., 2021, 2112.12265]
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Problems at Second Order

® Major hurdle is the strong divergences on the small object’s worldline
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® Generically, b, ~ m/r and h52 ~ m?/r?
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Problems at Second Order

® Major hurdle is the strong divergences on the small object’s worldline
® Generically, b, ~ m/r and h52 ~ m?/r?

® Second-order EFEs
(5G‘“’[h2] = —52G‘“’[h1, hl], r>0

where §2G[h] ~ hd*h + Ohdh
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Problems at Second Order

® Major hurdle is the strong divergences on the small object’s worldline
® Generically, b, ~ m/r and h52 ~ m?/r?

® Second-order EFEs
(5G‘“’[h2] = —52G‘“’[h1, hl], r>0

where §2G[h] ~ hd*h + Ohdh
o hill, ~ 1/r = 2G*[h5 ~ 1/r*
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Problems at Second Order

® Major hurdle is the strong divergences on the small object’s worldline
® Generically, b, ~ m/r and h52 ~ m?/r?

® Second-order EFEs
5G“”[h2] = —52G‘“’[h1, hl], r>0
where §2G[h] ~ hd*h + Ohdh

S1 2 S1 4
® hp, ~ 1/r = °G*™[h>'] ~ 1/r
® Strong divergence causes problems when decomposing into modes [willer et al., 2016, 1608.06783]
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Problems at Second Order

® Major hurdle is the strong divergences on the small object’s worldline
® Generically, b, ~ m/r and h52 ~ m?/r?

® Second-order EFEs
(5G‘“’[h2] = —52G‘“’[h1, hl], r>0

where §2G[h] ~ hd*h + Ohdh
o hill, ~ 1/r = 2G*[h5 ~ 1/r*
® Strong divergence causes problems when decomposing into modes [willer et al., 2016, 1608.06783]
¢ |ll-defined on any domain including the worldline, » =0
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Singular Field Divergence o, o, o0

® However, in a class of highly regular gauges, this is less singular
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Singular Field Divergence o, o, o0

® However, in a class of highly regular gauges, this is less singular
© B2 =i+ hSS
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Singular Field Divergence o, o, o0

® However, in a class of highly regular gauges, this is less singular
S2 _ pSR | 2SS
® hpy = T + Ry
° hﬁl,j‘ ~ mh}}l}/r and hlsusj ~ m?2r0
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® However, in a class of highly regular gauges, this is less singular
S2 _ pSR | 2SS
® hpy = T + Ry
° hﬁl,j‘ ~ mh}}l}/r and hlsusj ~ m?2r0

* Tableau shows generically h52 ~ 1/r
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Singular Field Divergence o, o, o0

® However, in a class of highly regular gauges, this is less singular
S2 _ pSR | 2SS
® hpy = T + Ry
° hﬁl,j‘ ~ mh}}l}/r and hlsusj ~ m?2r0
* Tableau shows generically h52 ~ 1/r

® Specialise to a non-spinning, spherically symmetric small object
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Singular Field Divergence o 2 105003

® However, in a class of highly regular gauges, this is less singular
© B2 =hix + hSS
o hﬁl,j‘ ~ mh}}l}/r and hlsusj ~ m?2r?
* Tableau shows generically h52 ~ 1/r
® Specialise to a non-spinning, spherically symmetric small object
® This is described by Schwarzschild so has line element

2
ds? = —(1—;”) dv? + 2 dv dr + 1% dO
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Singular Field Divergence o 2 105003

® However, in a class of highly regular gauges, this is less singular
S2 _ pSR | 2SS
® hpy = T + Ry
° hﬁl,j‘ ~ mh}}l}/r and hlsusj ~ m?2r0

Tableau shows generically h52 ~ 1/r

Specialise to a non-spinning, spherically symmetric small object

This is described by Schwarzschild so has line element

2
ds? = —(1—;”) dv? + 2 dv dr + 1% dO

Linear in 1/r
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Singular Field Divergence o 2 105003

® However, in a class of highly regular gauges, this is less singular
S2 _ pSR | 2SS
® hpy = T + Ry
° hﬁl,j‘ ~ mh}}l}/r and hlsusj ~ m?2r0

Tableau shows generically h52 ~ 1/r

Specialise to a non-spinning, spherically symmetric small object

This is described by Schwarzschild so has line element

2
ds? = —(1—;”) dv? + 2 dv dr + 1% dO

Linear in 1/r

® |mpose light-cone gauge condition, hlsﬂ% ~ 70
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Singular Field Divergence o 2 105003

® However, in a class of highly regular gauges, this is less singular
S2 _ pSR | 2SS
® hpy = T + Ry
° hﬁl,j‘ ~ mh}}l}/r and hlsusj ~ m?2r0

Tableau shows generically h52 ~ 1/r

Specialise to a non-spinning, spherically symmetric small object

This is described by Schwarzschild so has line element

2
ds? = —(1—;”) dv? + 2 dv dr + 1% dO

Linear in 1/r
® |mpose light-cone gauge condition, hlsﬂ% ~ 70

® Not practical as imposes h5y|r:0 = hﬁy;ph:o =0
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Singular Field Divergence o 2 105003

® However, in a class of highly regular gauges, this is less singular
S2 _ pSR | 2SS
® hpy = T + Ry
° hﬁl,j‘ ~ mh}}l}/r and hlsusj ~ m?2r0

Tableau shows generically h52 ~ 1/r

Specialise to a non-spinning, spherically symmetric small object

This is described by Schwarzschild so has line element

2
ds? = —(1—;”) dv? + 2 dv dr + 1% dO

Linear in 1/r

® |mpose light-cone gauge condition, hlsﬂ% ~ 70
® Not practical as imposes hffl,|r:0 = hﬁy;phzo =0
® Transform to practical gauge
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Highly Regular Gauge isou s ouns. 2001, 210111000

® We call this practical gauge the highly regular gauge
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Highly Regular Gauge o rowd. 2001, 210111009

® We call this practical gauge the highly regular gauge
¢ The transformation is

hSZ HR hSZ LC + £ hSl LC

ISR
\N_/
O(1/r) o(r) o@/r)
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Highly Regular Gauge o rowd. 2001, 210111009

® We call this practical gauge the highly regular gauge
¢ The transformation is

hSZ HR hSZ LC + £ hSl LC

ISR
\N_/
O(1/r) o(r) o@/r)

® To find form of gauge vector, solve

R1 R1,LC
h/“/ = hl“’ -+ Eglguy
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Highly Regular Gauge o rowd. 2001, 210111009

® We call this practical gauge the highly regular gauge
¢ The transformation is

S2,HR __ 7 S2,L.C S1,LC
h,uu - h,uu + £§1huu
N—— N——
o/r) o(r%)

o1/r)

® To find form of gauge vector, solve
hyy =l ™ + Le G

* Solve for £ as a function of A}l i.e. £, [h"]
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Highly Regular Gauge o rowd. 2001, 210111009

® We call this practical gauge the highly regular gauge
¢ The transformation is

S2,HR __ 7 S2,L.C S1,LC
h,uu - h,uu + £§1huu
N—— N——
o/r) o(r%)

o1/r)

® To find form of gauge vector, solve
hyy =l ™ + Le G

* Solve for £ as a function of A}l i.e. £, [h"]

® Impose smoothness and preserve worldline position, §$\7 =0
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Highly Regular Gauge o rowd. 2001, 210111009

® We call this practical gauge the highly regular gauge
¢ The transformation is

hSZ HR hSZ LC + £ hSl LC

ISR
\N_/
O(1/r) o(r) o@/r)

® To find form of gauge vector, solve
hyy =l ™ + Le G

* Solve for £ as a function of A}l i.e. £, [h"]

® Impose smoothness and preserve worldline position, §$\7 =0

® Can then use this to calculate hs2 HR
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Highly Regular Gauge o rowd. 2001, 210111009

® We call this practical gauge the highly regular gauge

® The transformation is
S2.HR __ 7 S2,L.C S1,LC
h,uu - h,uu + £51huu
N——
O(1/r) o(r) o@/r)
[}

To find form of gauge vector, solve

R1 R1,LC
h/“/ = hl“’ -+ Eglguy

Solve for &, as a function of h},, i.e. £i[h%!]

® Impose smoothness and preserve worldline position, §$\7 =0

Can then use this to calculate hff;HR

Expression is in Fermi—Walker coordinates, upcoming paper will provide the
expressions in covariant form using methods of [Pound & Miller, 2014, 1403.1843]
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Structure of Highly Regular Gauge

® Based on preserving local lightcone
structure

Local lightcone structure around worldline, ~v. Based on image by Adam Pound.
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Structure of Highly Regular Gauge

® Based on preserving local lightcone
structure

® Gauge conditions:
k" =0 hoteher P =0

k* is a future-directed null vector and
Qap is metric on S?

Local lightcone structure around worldline, ~v. Based on image by Adam Pound.

Samuel Upton (ASU) Gravitational Self-Force

czechLISA (23 January 2023)
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Distributional Second-Order EFES sou & pouns, 2001, 21011100

® In HR gauge,
SGM B> = = 8*G" WS, B, Vr
—~— —_—
o) O(1/r2)
7% SR 1 _ 2 v R1 S1yp . v, S1
oG [@\/]- 20°G* [ R = —=2Q" R, VYr
oa/r 0(1/r3)
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Distributional Second-Order EFES sou & pouns, 2001, 21011100

® In HR gauge,
SGM B> = = 8*G" WS, B, Vr
—~— —_—
o) O(1/r2)
7% SR 1 _ 2 v R1 S1yp . v, S1
oG [@\/]- 20°G* [ R = —=2Q" R, VYr
oa/r 0(1/r3)

® Second-order EFEs become

5G;u/[h2] + 62Gu1/[hR1] + 52G,u1/[h81] + QQuu[h81] _ O, r>0
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Distributional Second-Order EFES sou & pouns, 2001, 21011100

® In HR gauge,
SGM B> = = 8*G" WS, B, Vr
—~— —_—
o) O(1/r2)
7% SR 1 _ 2 v R1 S1yp . v, S1
oG [@\/]- 20°G* [ R = —=2Q" R, VYr
oa/r 0(1/r3)

¢ Second-order EFEs become
5G;u/[h2] + 62Gu1/[hR1] + 52G,u1/[h81] + QQuu[h81] _ O, r>0

e All terms are well-defined as distributions!
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Distributional Second-Order EFES sou & pouns, 2001, 21011100

® In HR gauge,
SGM B> = = 8*G" WS, B, Vr
—~— —_—
o) O(1/r2)
7% SR 1 _ 2 v R1 S1yp . v, S1
oG [@\/]- 20°G* [ R = —=2Q" R, VYr
oa/r 0(1/r3)

¢ Second-order EFEs become
5G;u/[h2] + 62Gu1/[hR1] + 52G,u1/[h81] + QQuu[h81] _ O, r>0

e All terms are well-defined as distributions!
® Therefore

SGM™[h?] 4 6°GH W] 4 6° G [AS] 4 2Q [hS1] = 8T8, Vr
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Detweiler Stress-Energy Tensor sou « o, 202, 210111000

® Express TQ‘fER in terms of transformation from light-cone gauge

Toyr = Tore +Lea 11"
=0
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Detweiler Stress-Energy Tensor sou « o, 202, 210111000

® Express TQ‘fER in terms of transformation from light-cone gauge

Toyr = Tore +Lea 11"
=0

e Calculate ,C&Tllw in terms of f}b [Pound, 2015, 1506.02894]

Tz’fﬁR = —% /u”u” (gaﬁ — uauﬂ> hgé §*(x, z) dr
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Detweiler Stress-Energy Tensor sou « o, 202, 210111000

® Express TQ‘fER in terms of transformation from light-cone gauge

Toyr = Tore +Lea 11"
=0

* Calculate L¢, T{" in terms of fli [Pound, 2015, 1506.02894]
m
Ty = ) /u”u” (gaﬁ - uauﬂ> hiy 64 (x, z) dr
® The total T"" is
0z — 2)

T + T8 = m/ ' ——=d7 + 0(63)
¥ -9
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Detweiler Stress-Energy Tensor sou « o, 202, 210111000

® Express TQ‘fER in terms of transformation from light-cone gauge
Toim = Tore +La 11"
=0

e Calculate ,C&Tllw in terms of f}b [Pound, 2015, 1506.02894]
T,uV m w, v afs a, B R1 ¢4
bir = —5 [ w'u (g —u®u )haB(S (x,2)dr
® The total T"" is

eT{‘”—i—eQTQ’”:m/ﬂ“ﬂ” —
¥ -9
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Detweiler Stress-Energy Tensor sov s o, 2021, 2101110

® Express TQ‘fER in terms of transformation from light-cone gauge
Tz HR — T;LC +Le¢, e
=0

e Calculate ,C&Tllw in terms of fplt [Pound, 2015, 1506.02894]
Ty = ——/u”u gaﬁ—u u )h §(x, 2) dr
® The total T"" is

M — 2
T —2) ~ >d%+ (9(63)
N
¢ Stress-energy tensor of a point particle in G, = g, + hf}u
® Confirms Detweiler's conjecture in [Detweiler, 2012, 1107.2098]
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Distributional Sources sou e pous, 20, 21011100

® Motivated by HR gauge, in the Lorenz gauge we define

G [h5, 1] = =G, [W],  Vr

Samuel Upton (ASU) Gravitational Self-Force czechLISA (23 January 2023) 19/21



Distributional Sources sou e pous, 20, 21011100

® Motivated by HR gauge, in the Lorenz gauge we define
G [h5, 1] = =G, [W],  Vr

* h;5 only defined as local expansion so localise to infinitesimal region around

v
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Distributional Sources sou e pous, 20, 21011100

® Motivated by HR gauge, in the Lorenz gauge we define
G [h5, 1] = =G, [W],  Vr

* h;5 only defined as local expansion so localise to infinitesimal region around

® Define
8*G[h' R = lim 5°Gs, [t b

where

8°Ge, [t B = (=6G W [h55] + 26° G [hST, W) + 6°G L [R™, BR)(s — 1)
+ 8°Gu[h', h10(r — s)
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Distributional Sources (cont.)

® |eads to distributionally well-defined equations in Lorenz gauge

0Guw[h?] = 87T, — 6°G u[h', W]
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Distributional Sources (cont.)

® |eads to distributionally well-defined equations in Lorenz gauge
0Guw[h?] = 87T, — 6°G u[h', W]

® 0°G[h', h'] will diverge when integrating over it to solve for i,
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Distributional Sources (cont.)

® |eads to distributionally well-defined equations in Lorenz gauge
0Guw[h?] = 87T, — 6°G u[h', W]

® 0°G[h', h'] will diverge when integrating over it to solve for i,

e Using distributional definition, we get a counter term that cancels this divergence
0G[W?) = 87 (T}, = Ti2”) + lim (ST — (1 — 5)0°G [, Y]

where
counter m2 4
T,LLI/ = 768 /(7g#y — ZUHUV)(S (]3, Z) dT
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Summary

® Provided an overview of self-force methods and current state of the field
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® Provided an overview of self-force methods and current state of the field
¢ Qutlined benefits of the highly regular gauge and motivation for introduction
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® Provided an overview of self-force methods and current state of the field
¢ Qutlined benefits of the highly regular gauge and motivation for introduction
® Demonstrated how to derive the metric perturbations in the HR gauge
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® Provided an overview of self-force methods and current state of the field
¢ Qutlined benefits of the highly regular gauge and motivation for introduction
® Demonstrated how to derive the metric perturbations in the HR gauge

¢ Showed how HR gauge leads to well-defined second-order EFEs
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® Provided an overview of self-force methods and current state of the field
¢ Qutlined benefits of the highly regular gauge and motivation for introduction
® Demonstrated how to derive the metric perturbations in the HR gauge
¢ Showed how HR gauge leads to well-defined second-order EFEs
® Derived the Detweiler stress-energy tensor — point particle in effective spacetime
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® Provided an overview of self-force methods and current state of the field

¢ Qutlined benefits of the highly regular gauge and motivation for introduction
® Demonstrated how to derive the metric perturbations in the HR gauge

¢ Showed how HR gauge leads to well-defined second-order EFEs

® Derived the Detweiler stress-energy tensor — point particle in effective spacetime
® Showed how this can be used in a practical way to solve for the second-order metric
perturbations
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