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PM dynamics: Why did we get here?

* 10 years since GW150914
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PM dynamics: Why did we get here?

* 10 years since GW150914: huge literature on PM dynamics
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PM dynamics: Why did we get here?

* 10 years since GW150914: huge literature on PM dynamics

High-energy gravitational scattering and the general relativistic
two-body problem

Thibault Damour

We derive several consequences of our second post-Minkowskian Hamiltonian: (1) the need to use special
phase-space gauges to get a tame high-energy limit; and (i1) predictions about a (rest-mass independent)
linear Regge trajectory behavior of high-angular-momenta, high-energy circular orbits. Ways of testing

these predictions by dedicated numerical simulations are indicated. We finally indicate a way to connect
our classical results to the quantum gravitational scattering amplitude of two particles, and we urge
amplitude experts to use their novel techniques to compute the two-loop scattering amplitude of scalar
masses, from which one could deduce the third post-Minkowskian effective one-body Hamiltonian.
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PM dynamics: Why did we get here?

* 10 years since GW150914: huge literature on PM dynamics

High-energy gravitational scattering and the general relativistic
two-body problem

Scattering Amplitudes and the Conservative Hamiltonian for Binary Systems
at Third Post-Minkowskian Order

Zvi Bern,l Clifford Cheung,2 Radu Roiban,3 Chia-Hsien Shen,l Mikhail P. Solon,2 and Mao Zeng4
'Mani L. Bhaumik Institute for Theoretical Physics, University of California at Los Angeles, Los Angeles, California 90095, USA
*Walter Burke Institute for Theoretical Physics, California Institute of Technology, Pasadena, California 91125
SInstitute for Gravitation and the Cosmos, Pennsylvania State University, University Park, Pennsylvania 16802, USA
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masses, third post-Minkowskian effective one-body Hamiltonian.

16-20 Jun 2025 Jung-Wook Kim / Amplitudes 2025 @ Seoul National University 9/51



PM dynamics: Why did we get here?

* 10 years since GW150914: huge literature on PM dynamics

- Keywords from Damour’s request

- Effective-one-body (EOB): weak-field — analytic strong-field [Buonanno, Damour]
- Resum by leveraging background-probe limit
* Motivation: GW loudest in strong-field regime
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PM dynamics: Why did we get here?

* 10 years since GW150914: huge literature on PM dynamics

- Keywords from Damour’s request

- Effective-one-body (EOB): weak-field — analytic strong-field [Buonanno, Damour]
- Resum by leveraging background-probe limit
* Motivation: GW loudest in strong-field regime

* Post-Minkowskian (PM): (gauge-inv.) scattering dynamics
- Singularities physical — leverage for resummation (€.g. £-resum [Damour, Rettegno] )

- What else can we leverage from PM? How should we do 1t?
* Spin resummation / Through the eikonal (= scattering generator)
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Why spin resummation?

* Waveform models perform worse for high spins/mass ratios

- Comparison with numerical relativity (NR) simulations S, L
- Allpoimts Extremal I
- & e S0y ‘ 8o %% o0 - (aligned) ﬁ

@& No spin 8 I

Equal mass

Extremal
= (anti-aligned) @ I

maxMgng (SEOBNRv5SHM vs NRHybSur3dq8)

m T T T T

104 1073 10~2 Figure from [2303.18039]
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Why spin resummation?

- Waveform models perform worse for high spins/mass ratios
» Comparison with numerical relativity (NR) simulations

- Limiting factor for (next-gen) GW physics  “|[somemmosn] .
* ““‘we ascertain that current waveforms o5} i
can accurately recover the distribution o i
. . T (00leee o060 o o o 8 o
of masses in the LVK astrophysical = :
population, but not spins” sl
[Dhani, Vélkel, Buonanno, Estelles, Gair, Pfeiffer, Pompili, Toubiana]
Parameter Notation Astrophysically relevant range ~10f F-iglurf-: fI:OIlll [.2393:18-02.6] ------- :
Total mass in the detector frame M 10° — 10" M. 019 01> 0-20 02
.\[.;ms 1';1.ric) (> lJ. q 1 — 10 v
Bty oting TISA band ol 0090 oo - Py —
Eiccentricity at last stable orbit Emerg: < 0.1 NE 0. 0.5 1.0 1.5 2.0 2.5
Signal to noise ratio SNR 10 — 104 Table from [2311-01300]
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Why spin resummation?

- Why expect spin to be resummable?

. . . . —at
- Black hole spin moments given by Newman-Janis shift
o . 7 /
- Kerr couples minimally to gravitons Ta -
[Guevara, Ochirov, Vines; Chung, Huang, JWK, Lee]
* Minimal coupling = on-shell NJ shift
[ Arkani-Hamed, Huang, O’Connell]
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Why spin resummation?

- Why expect spin to be resummable?
» Black hole spin moments given by Newman-Janis shift

- Kerr couples minimally to gravitons tual
[Guevara, Ochirov, Vines; Chung, Huang, JWK, Lee]
* Minimal coupling = on-shell NJ shift
[ Arkani-Hamed, Huang, O’Connell] 1

- Expectation: singularities of binary dynamics governed by NJ shlft
- Resummations leverage singularities = singularities > pert. exactness

» Several known models implement NJ shift dynamically

« Worldsheet [Guevara, Maybee, Ochirov, O'connell, Vines], Twistor worldline [JH Kim, JWK, Lee],

Bootstrap [Bjerrum-Bohr, Chen, Skowronek], Higher—spin gaugce [Cangemi, Chiodaroli, Johansson,
Ochirov, Pichini, Skvortsov]

—2at
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Spin resummation @ NLO

[JH Kim, JWK, Lee]

* Spin-resummed 2PL twistor worldline eikonal
- Eikonal is a double infinite sum of 2F1, but simplifies in special kinematics

- Aligned-spin configuration: square roots
[Aoude, Haddad, Helset; Damgaard, Hoogeveen, Luna, Vines; Chen, JWK, Wang; Bohnenblust, Cangemi, Johansson, Pichini]

(q142)° (52 T Ecz 2)3/ €lb, v1, v, a] + < (12__?“ a2)

X(2,aligned) — + (1 < 2
(2aligned) 32mmy/72 — 1 (b2 — a?)3/2 ( )
;SNXL ’Yz—fril.:;z,aﬁbZi—ﬁ:Ca“,a“:a?Jrag
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Spin resummation @ NLO

[JH Kim, JWK, Lee]

* Spin-resummed 2PL twistor worldline eikonal
- Eikonal is a double infinite sum of 2F1, but simplifies in special kinematics
- Axial scattering configuration: elliptic integrals
(012)* VP2 [ﬂc R T S (S ) (S P
1672my (y2 — 1)3/2 b? b? b? + a?
+ (1 4+ 2)

X (2,axial) =

SQ X b mq1mo ’ m1

/ V\%/H

~
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What is the eikonal?

° Eikonal — scattering generator (See also Riccardo’s talk) [JH Kim, JWK, Lee; Gonzo, Shi]
o 1 1
Oout = e{X, }[Oln] = Oin + {Xv Oin} + E{Xy {Xa Oin}} + g{)ﬁ {Xv {Xv Oln}}} + -

N
° (KMOC) + (S — eh N) + ( h — O) [Kosower, Maybee, O’Connell; Lehmann, Symanzik, Zimmermann;

Damgaard, Plante, Vanhove; Hansen]

Oout = 10w = e TN Ope™ i = ) — (—%) [N, [N, [N, -+ [N, Oi]] - -]
n=0 e
n times
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What is the eikonal?

° Eikonal — scattering generator (See also Riccardo’s talk) [JH Kim, JWK, Lee; Gonzo, Shi]
o 1 1
Oout = e{X, }[Oln] = Oin + {Xv Oin} + E{Xy {Xa Oin}} + g{)ﬁ {Xv {Xv Oln}}} + -

N
° (KMOC) + (S — eh N) + ( h — O) [Kosower, Maybee, O’Connell; Lehmann, Symanzik, Zimmermann;

Damgaard, Plante, Vanhove; Hansen]

Oout = STOmS — e_EN(Dine—i_ﬁN — Z E (_%> LNa [Na [Na T [NJJOIHH S ”
n=0 -

n times

* Magnus series: power series expansion of N-matriX pmim, 1wk, s Kim, Lee]

- Commutator expansion = causal propagators (tree graphs)
- Especially relevant for (classical) WQFT [Mogull, Plefka, Steinhoff; Jakobsen, Sauer]

* Real-valued & IR-finite 3PM eikonal from WQFT (11 kim, 1wk, s Kim, Lee]

16-20 Jun 2025 Jung-Wook Kim / Amplitudes 2025 @ Seoul National University



The role of nested brackets

* Impact parameter space 1s “noncommutative” (due to (b - p;) = 0)
bHwy — bYwy  bFwl — bYwh v=—(vi-v

(prpry = =2 T -
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The role of nested brackets

[ ) = bHwy — b wy  bHwy — b wy

mi mo

g Adopt manifestly orthogonal definition of IP! A
b = Azt 4+ (Az - vy)wy + (Ax - vo)wh

TR B p
Agph o gt it op . V2 70 e UL T U
T M1 2 1 - 2 1 ) 2 2 1
\_ v i J

Jung-Wook Kim / Amplitudes 2025 @ Seoul National University

* Impact parameter space 1s “noncommutative” (due to (b - p;) = 0)

v =—(v1- vz
no_ T

D; mq;v;

vj = —0ij
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The role of nested brackets

* Impact parameter space 1s “noncommutative” (due to (b - p;) = 0)

bHwY — bYwh  bHrwY¥ — bYwh 7=~ (v v)
: 1 1 2 2
{b“a by} — — Py = mvy
ml m2 wj; - “Uj = _52'3'

* Poisson brackets = causality cuts pmxim, 1wk, s Kim, Lee]
* Special case of Peierls brackets (= covariantised Poisson brackets)
- Join vertices by retarded-minus-advanced Green’s fin.

—i{V1,Va} = Z (AV1+)—¢>_(AV2+) - (AV1+)_<¢—(AV2+)
i
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The role of nested brackets

* Impact parameter space 1s “noncommutative” (due to (b - p;) = 0)

bHwY — bYwh  bHrwY¥ — bYwh 7=~ (v v)
: 1 1 2 2
{b“a by} — — Py = mvy
ml m2 wj; - “Uj = _52'3'

* Poisson brackets = causality cuts pmxim, 1wk, s Kim, Lee]
* Special case of Peierls brackets (= covariantised Poisson brackets)
- Join vertices by retarded-minus-advanced Green’s fin.

—i{V1,Va} = Z —(AV1+)—¢>_(AV2+) - (AV1+)_<¢—(AV2+)
i

* Poisson brackets can be computed diagrammatically

+ (X from Magnus series) + (e} [p!] as c. cuts) = (impulse diagrams = rooted trees)
[Jakobsen, Mogull, Plefka, Sauer]
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Nested brackets in twistor WL

[JH Kim, JWK, Lee; JH Kim, JWK, S Kim, Lee]

Amyry = E ={xa,ri}, Appi = E § + E E

LX (1) E LX) = E z + (1 <2).
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Nested brackets in twistor WL

[JH Kim, JWK, Lee; JH Kim, JWK, S Kim, Lee]

LY (1)

(ret.) = (sym.) + % (ret. — adv.)

Z , LX) = E E + (1 e2). =(sym.)+§(causality cut)
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Nested brackets in twistor WL

[JH Kim, JWK, Lee; JH Kim, JWK, S Kim, Lee]

Aqyp| = E = (v Py Apyph = § E + E E |

(sym.) = (eikonal)

(c. cut) = (nested P.B.)

= {)((1),{)((1),17?}}
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Nested brackets in twistor WL

[JH Kim, JWK, Lee; JH Kim, JWK, S Kim, Lee]

(2PL eikonal)

Oout — e{X’.}[Oin] — n + {Xa 111} =+ {X) {Xa m}} + -

(c. cut) = (nested P.B.)

e m. \ \
: E E_ + z 27 = =1 9 z ; 27 >={X(1),{X(1),P?}}:
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Remarks on nested brackets

» The reorganisation extends to spinning observables
° Impulse & Spin lek @ O (G 3 S 4) (See also Mao’s talk) [Akpinar, Cordero, Kraus, Smirnov, Zeng]
* Dirac brackets = Poisson brackets (for variables manifestly satisfying constraints)
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Remarks on nested brackets

» The reorganisation extends to spinning observables
° Impulse & Spin lek @ O (G 3 S 4) (See also Mao’s talk) [Akpinar, Cordero, Kraus, Smirnov, Zeng]
* Dirac brackets = Poisson brackets (for variables manifestly satisfying constraints)

* Nested brackets implement rotations pwi;
0

X;®} = Z {x; pf} T Z D 58 }aSW i {X’bu}abﬂ

1=1,2 1=1,2

¢ COnVenthIlal understandlng: Saddle—pomt Shlft [Di Vecchia, Heissenberg, Russo, Veneziano;
Luna, Moynihan, O'Connell, Ross]
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Remarks on nested brackets

» The reorganisation extends to spinning observables
° Impulse & Spin lek @ O (G 3 S 4) (See also Mao’s talk) [Akpinar, Cordero, Kraus, Smirnov, Zeng]
* Dirac brackets = Poisson brackets (for variables manifestly satisfying constraints)

* Nested brackets implement rotations pwi;

X,®} = Z {X pf} T Z {x, 5"} SMV ™ {X’bu}f;zu

1=1,2 1=1,2
¢ COnVentiOnal understanding: Saddle—point Shlft [Di Vecchia, Heissenberg, Russo, Veneziano;

. Luna, Moynihan, O'Connell, Ross]
* Nested brackets are (causality) cuts

« “KMOC cuts” as LO rotation contributions [Caron-Huot, Giroux, Hannesdottir, Mizera; Georgoudis,
Heissenberg, Russo; Bini, Damour, De Angelis, Geralico, Herderschee, Roiban, Teng; Alessio, Gonzo, Shi]
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Scattering generator approach to 3PM impulse

° The 3PM elkonal [Damgaard, Plante, Vanhove; Brandhuber, Chen, Travaglini, Wen; JH Kim, JWK, S Kim, Lee]

22 — 1
X(1) = —G'mima ] 5 log |b2| ;
v ye —1
3T 5*)/2—1 1
X(@) = o Grmima(ma - ms) JAE 1|12
G3m1m2

[(m% + m%)X(S,O) +myma(X(3,10) + X(S,l’r))} ;

X ==
R WA

(647 —120~* 4 607> — 5)

X (3,0 =

(v2 = 1)° |
2v(36+5 — 1149% 4+ 13292 — 55)  12(4y? — 12y2 — 3)
X10) = 1) — 1 arccosh(7),

(57v° —8) N 6v(2v* — 3)
(v2=1)32 (92— 1)
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Scattering generator approach to 3PM impulse

° Reference aVallable [Herrmann, Parra-Martinez, Ruf, Zeng; Jakobsen, Mogull, Plefka, Sauer; Kilin, Liu, Neef, Porto]

* Misses (radiation loss) = (momentum lost by radiated graviton)

AP = Ai.opi + AiroPi + A b

{x,®} M‘ — A FoA v
€ p 0(G3) (3,c)P1 T A(3,rr)P1

APy = (V2 Paa)wy ,  Prg = —A@)pi — A)py
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Scattering generator approach to 3PM impulse

* Reference aVallable [Herrmann, Parra-Martinez, Ruf, Zeng; Jakobsen, Mogull, Plefka, Sauer; Kilin, Liu, Neef, Porto]

* Misses (radiation loss) = (momentum lost by radiated graviton)

[A(?))plf — A(B,c)p? + A(:a,m«)p’f T A(S,rz)p?

] Nk + A
1 3.c)P1 3.rr)P1 i
S o(gs | POTL T T
Ho_ ( . ) M me Mo M
[2207.00569] A(i’),?"l)pl = (V2 - Prag)wy , P4 = A(3)101 A(3)p2
{Humboldt3PM // ListToPlus) —|impulse3PHsimpE:jr exactly radiaton loss term =)
| P ———
¢ 13311242 . 165y - 78v%) 6 mPm? TArcCosh v (u ),% (-5 +y (7645y (30 y (12:47y)))) G milmzl-‘-LDE_if_ uo,t
16 (-1« y")* (by b*] 7 84/ 1. be b
(S1151 4y (3336 .y (3148 + 3y (3044 y (1132 (92 35y vy e mimi juo,t
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Scattering generator approach to 3PM impulse

° Reference aVallable [Herrmann, Parra-Martinez, Ruf, Zeng; Jakobsen, Mogull, Plefka, Sauer; Kilin, Liu, Neef, Porto]

* Misses (radiation loss) = (momentum lost by radiated graviton)

AP = Ai.opi + AiroPi + A b

{x,®} M‘ — A FoA %
€ P1 0(G3) (3,c)P1 T A(3,rr)P1

AP = (2 Prag)why ,  Phy = —Aipl — Ai)phy

* Which contributions did we miss?
- (Graviton phase space contributions) = (diagrams from graviton c. cuts)

rad

1
» Computed from radiation eikonal as A ,.pp = §{X(1,5), {X(i%), Pl Yo to mwKy
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The radiation eikonal

[TWK]

* Missing contributions from graviton phase space / causality cuts
* No vertex rules where graviton legs can be attached = add new vertices!
* Formal implementation: turn on background H,,
- Practical implementation: add diagrams with external graviton legs
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The radiation eikonal

[TWK]

* Missing contributions from graviton phase space / causality cuts
* No vertex rules where graviton legs can be attached = add new vertices!
* Formal implementation: turn on background H,,
- Practical implementation: add diagrams with external graviton legs

- Expanded set of eikonal-derived PM observables
* Impulse radiation loss (@ 3PM
- Radiative observables: scattering waveform & radiated energy
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The radiation eikonal

[TWK]

* Missing contributions from graviton phase space / causality cuts
* No vertex rules where graviton legs can be attached = add new vertices!
* Formal implementation: turn on background H,,
- Practical implementation: add diagrams with external graviton legs

- Expanded set of eikonal-derived PM observables
* Impulse radiation loss (@ 3PM
- Radiative observables: scattering waveform & radiated energy
* New perspective on “KMOC cuts” 1n scattering WFES [caron-Huot, Giroux, Hannesdottir,

Mizera; Georgoudis, Heissenberg, Russo; Bini, Damour, De Angelis, Geralico, Herderschee, Roiban, Teng; Alessio, Gonzo, Shi]

* Initial disagreement btw. PM & PN [Brandhuber, Brown, Chen, De Angelis, Gowdy, Travaglini;
Herderschee, Roiban, Teng; Elkhidir, O’Connell, Sergola, Vazquez-Holm; Georgoudis, Heissenberg; Bini, Damour, Geralico]

16-20 Jun 2025 Jung-Wook Kim / Amplitudes 2025 @ Seoul National University



Impulse radiation loss (@ 3PM

[JWK]
1
. wo rad ad
Computed as APy = 5{X(15), 1X(1'5): P1 Jo Jo , €xact match!
1 [ dPk dPq [ Ox{is o [ oxiis
Ay Pl == H.g(k), Hyx
o =3 | G (8Ha5<k) < oo W IADH\ Gty |~ o
_ 1
2
~ GPmims [ 7 (33 —1127° + 165’)/ — 7079) h(~)
TEEERRT: Z_1) arccosh(~y
N ™ (=5 + 767 — 1509 + 607” + 359" )1 1+7
8 (2 — 1)1/ "5\
L (11514 3336y — 31487° + 912+° — 3394 + 56247 — 2104)] .,
18 (y2 = 1)372 "
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NLO scattering waveform

[TWK]

* Nested brackets (= cut contributions) compute rotated LO WF

1 in 1 1 in ! in 1
S = IxGasy Hwd + 5y sy Hun 1 = Xy Hiod + 51, S}
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NLO scattering waveform

[TWK]

* Nested brackets (= cut contributions) compute rotated LO WF

1 in 1 1 in ! in 1
S = Ixtasy Hwd + 5y sy Hun 1 = Xy Hio 4| 51, S}
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NLO scattering waveform
[TWK]
* Nested brackets (= cut contributions) compute rotated LO WF
SLO {X(l 5)7 mu}

in in O
Stljr}o {X(25)’ v}+ {X(l)’{x(15)7HV}} {X(25)a uv}

D
{x@): *} :{Xmab“}ab +;1:2{X<1>apf}a P2 St }8Suu

IP rotation by LO SA LO impulse " LO spin kick
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NLO scattering waveform

[TWK]

* Nested brackets (= cut contributions) compute rotated LO WF

SLO {X(l 5) an}
in 1 1 in 1
SNLO {X(Q sy Hp b+ §{X(1)> {X(1.5) Hii}} = {X(Z 50 iy b _{X(l)? Sy }

vy, O
N + Z{X(l)’sﬂ }asuu

1=1,2
LO spin kick

0
{X(l)a o} = {X(l), bﬂ}é‘b T Z {X(l), }
IP rotation by LO SA

4 ,

\ .
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Take-home messages

* Spin resummation will become important for next-gen GW detectors
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Take-home messages

* Spin resummation will become important for next-gen GW detectors

« Eikonal = scattering generator pmu kim, /WK, Lee: Gonzo, Shi]
- Computed by the Magnus series

Oy = 0] = 0+ {x, 0} + o {x 1 O} + 5 0 (o, {x O} + -

16-20 Jun 2025 Jung-Wook Kim / Amplitudes 2025 @ Seoul National University



Take-home messages

* Spin resummation will become important for next-gen GW detectors

« Eikonal = scattering generator pmu kim, /WK, Lee: Gonzo, Shi]
- Computed by the Magnus series

Oy = 0] = 0+ {x, 0} + o {x 1 O} + 5 0 (o, {x O} + -

- New understanding of brackets
* Impact parameter space 1s “noncommutative”: {b*, 0"} £ 0
* Poisson brackets = causality cuts (retarded-minus-advanced Green’s ftn)
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Take-home messages

* Spin resummation will become important for next-gen GW detectors

« Eikonal = scattering generator pmu kim, /WK, Lee: Gonzo, Shi]
- Computed by the Magnus series

Oy = 0] = 0+ {x, 0} + o {x 1 O} + 5 0 (o, {x O} + -

- New understanding of brackets
* Impact parameter space 1s “noncommutative”: {b*, 0"} £ 0
* Poisson brackets = causality cuts (retarded-minus-advanced Green’s ftn)

- Radiation eikonal: radiative effects including dissipation
- Adding graviton DOFs to phase space / Poisson brackets
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Some future directions

- B2B continuation for nonseparable HJ systems (cno. kitin, porto; Gonzo, shi
- Eikonal-based WF models for bound binaries? [jwk, Patil, Scheopner, Steinhoff (WIP)]
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- Eikonal-based WF models for bound binaries? [jwk, Patil, Scheopner, Steinhoff (WIP)]

° LOcal-ln-tlme / hel’edltary SeparathIl? [Dlapa, Kalin, Liu, Porto; Buonanno, Mogull, Patil, Pompili]
* (hereditary contributions) L (radiation eikonal contributions)
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- Eikonal-based WF models for bound binaries? [jwk, Patil, Scheopner, Steinhoff (WIP)]

° LOcal-ln-tlme / hel’edltary SeparathIl? [Dlapa, Kalin, Liu, Porto; Buonanno, Mogull, Patil, Pompili]
* (hereditary contributions) L (radiation eikonal contributions)

* Nonlinear radiation eikonal (e.g. Xg): quadratic in H,,,)

« Contributes to NNLO WF / 5PM iIl’lPUISC [Driesse, Jakobsen, Mogull, Plefka, Sauer, Usovitsch;
. . Bern, Herrmann, Roiban, Ruf, Smirnov, Smirnov, Zeng]
- Is 6pt relevant for classical physics? [Cristofoli, Gonzo, Moynihan, O'Connell, Ross, Sergola, White]
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Some future directions

- B2B continuation for nonseparable HJ systems (cno. kitin, porto; Gonzo, shi
- Eikonal-based WF models for bound binaries? [jwk, Patil, Scheopner, Steinhoff (WIP)]

° LOC&l-ln-tlme / hel’edltary SeparathIl? [Dlapa, Kalin, Liu, Porto; Buonanno, Mogull, Patil, Pompili]
* (hereditary contributions) L (radiation eikonal contributions)

* Nonlinear radiation eikonal (e.g. Xg): quadratic in H,,,)

« Contributes to NNLO WF / 5PM iIl’lPUISC [Driesse, Jakobsen, Mogull, Plefka, Sauer, Usovitsch;
. . Bern, Herrmann, Roiban, Ruf, Smirnov, Smirnov, Zeng]
- Is 6pt relevant for classical physics? [Cristofoli, Gonzo, Moynihan, O'Connell, Ross, Sergola, White]

* Spin resummation (@ 3PL / 3PM (1SF corrections: relevant for EOB)

* Obstruction: Integrals (Tensor Integral Generating Functions / Twisted FI)
[Feng; Brunello, Crisanti, Giroux, Mastrolia, Smith; Brunello, De Angelis; Chen, JWK, Wang; JH Kim, JWK, Lim (WIP)]

- Application to tensor reduction of high-rank Feynman integrals?
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