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What is the post-adiabatic expansion?

These are all basically the same thing:
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What is the post-adiabatic expansion?

These are all basically the same thing:
® post-adiabatic approximation
® two-timescale expansion
® multiscale expansion
® multi-timescale analysis
® method of averaging

® near-identity averaging transformations
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What is the post-adiabatic expansion?

These are all basically the same thing:

Methods of separating secular from oscillatory effects
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What is the post-adiabatic expansion?
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What is the post-adiabatic expansion?

Practical: convenient way of solving Einstein equations
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What is the post-adiabatic expansion?

Practical: convenient way of solving Einstein equations
Accurate: uniform accuracy on long and short time scales
Fast: 10 — 100ms per full waveform

Modular: readily accommodate non-GR effects
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What is the post-adiabatic expansion?

A way of organizing the self-force expansion for extreme mass ratios

Adam Pound

Separation —»

Perturbation theory,
self-force

Numerical Relativity

1 Mass ratio —» ]

[Image credit: Leor Barack]
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Gravitational self-force theory

e c=1/g=m/M < 1

® small body perturbs spacetime:

g = gff,frr—i-ehw +62h£2,,) +...

® perturbation affects m's
motion:
D2+
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h order: test mass on a geodesic in Kerr

® constants J4 = (M,a, E, L., Q):
@ cnergy E
® angular momentum L,
© Carter constant @, related to
orbital inclination

® phases pa = (@1, vy, Py) With
frequencies Q(Jp)

[image credit: Steve Drasco]

d
apa _ Qa(J5)
® simple ODEs: d‘?
A
— =0
dt

Adam Pound Post-adiabatic expansion 6/17



Post-adiabatic expansion

[Flanagan, Hinderer, Lynch, Miller, Moxon, AP, van de Meent, Warburton, ...]

e full, evolving system:

dpa ~
—_—— =0
di A(JB)
L;l]tA =€ [Pf(lo)(jB) + GFlgl)(jB) + 0(62):|

® waveform
him = 3 [ehgp (Ta) + € (Ja) + O(e%)] e ilme?Hh2)
ki

e secondary spin: (i) new slow parameters
(i) new precession phase
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Rapid waveforms

Offline step
® solve field equations for amplitudes hggm and forcing functions

Ffln_l) on grid of J4 values

Online step

® solve ODEs for ¢4 and J4, add up mode amplitudes h%jm

¢ FastEMRIWaveforms (FEW) software package:
waveform in ~ 10 — 100ms
[Chapman-Bird, Chua, Hughes, Katz, Speri, Warburton, ...]
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Accuracy and post-adiabatic counting [Hinderer & Flanagan]

® phases have an expansion

pa = Lo (et) + oY (et) + O(e)

® a model that gets goff) and 50541) right should be enough for precise

parameter extraction [Burke et al. 2023]
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Accuracy and post-adiabatic counting [Hinderer & Flanagan]

Adiabatic order (OPA)

determined by FIE‘O)

= dissipative piece of f("l)

* phases hdve an expansion
pa = e oD+ oY (et) + O(e)

® a model that gets goff) and 50541) right should be enough for precise

parameter extraction [Burke et al. 2023]
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Accuracy and post-adiabatic counting [Hinderer & Flanagan]

First post-adiabatic order (1PA)

Adiabatic order (OPA) determined by FE)

determined by FIS;O) = dissipative piece of f(‘;)
= dissipative piece of f(l‘l) = conservative piece of f?l)

* phases ha\@mio\r\, = linear secondary spin effects
,\J
P4 =¢€ {go”et]—ke{go ]—1—0()
® a model that gets goff) and 50541) right should be enough for precise
parameter extraction [Burke et al. 2023]
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Accuracy and post-adiabatic counting [Hinderer & Flanagan]

First post-adiabatic order (1PA)

Adiabatic order (OPA) determined by FE)

determined by FIS;O) = dissipative piece of f(‘;)
» dissipative piece of f(l‘l) = conservative piece of f?l)

* phases ha\@mio\r\, = linear secondary spin effects
,\J
P4 =¢€ {go”et]—ke{go ]—1—0()
® a model that gets goff) and 50541) right should be enough for precise
parameter extraction [Burke et al. 2023]

® also need to account for transient orbital resonances (0.5PA)
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Current state of play

Goal: 1PA waveforms over full parameter space

Background Orbital Adiabatic Post-1-adiabatic
Spacetime Configuration 1SF 1SF 2SF Spin Effects | Spin Effects
(Dissipative) | (Conservative) | (Dissipative) | (Conservative) | (Dissipative)
Circular vy vy vy vy vy
Schwarzschild i
Eccentric Yy vy X VY IV v, Y¥*
Circular 224 24 x vV 224
Kerr Eccentric Equatorial s &% X VV* Y
Generic VY v X v v*
Resonances 2% v X X X
v ¥ ¥ Evolving Waveform vV Driven Inspiral v Snapshot Calculation *(Anti-)Aligned Spin Only

[table courtesy of Josh Mathews]
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State of the art in parameter space coverage:

OPA waveforms in Kerr [Hughes et al., Kyoto co., & FEW]

In FEW:

® generic orbits in Kerr: :
5.5PN-¢!'0 approximation
[lsoyama, Kyoto co., Chua, AP]

® equatorial orbits in Kerr:
fully relativistic waveforms

[animation credit: P. Lynch]
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1PA secondary spin effects [Prague groups; Drummond & Hughes et al ]

0.4 0.4
= 02 = 02
= o = o
S 02 X -02

—04 —0.4

52000 52500 53000 52000 52500 53000

t/M t/M
e waveforms including 1PA conservative spin effects “available” for
generic configurations in Kerr

e currently missing efficient method of computing non-flux
dissipative effects (but see [Grant; Skoupy and Witzany; Mathews

et al.])
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Resonances [Flanagan & Hinderer, Lynch et al., Isoyama et al., ...]
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[Image credit: C. Chapman-Bird]
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State of the art in accuracy:

Complete 1PA waveforms [Mathews, AP, Warburton, Wardell & MSF group]

Comparison with NR waveform from SXS collaboration

S R
::: — 2 \//\ /’\\/\V/\V/\VA

0 1000 2000 3000 4000 5000

® complete quasicircular 1PA model with generic secondary spin and
linear primary spin

® in FEW: version with zero primary spin, aligned secondary spin
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Complete inspiral-merger ringdown models

[Kuchler, Compere, Durkan, AP & MSF group]
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® 1PA inspiral, next-to-leading transition, leading-order plunge

® see L. Kuchler's talk
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Conclusion

Post-adiabatic self-force waveforms
® high accuracy for IMRIs and EMRIs

® native fast waveform generation
—fast enough for data analysis (?)

Status
® 0OPA: equatorial inspirals into Kerr primary
® resonances, secondary spin, precession in the pipeline

e complete 1PA: quasicircular inspiral into slowly spinning primary

Challenge
® coverage of parameter space
® non-GR effects

Adam Pound Post-adiabatic expansion 17 /17



	anm0: 
	0.763: 
	0.762: 
	0.761: 
	0.760: 
	0.759: 
	0.758: 
	0.757: 
	0.756: 
	0.755: 
	0.754: 
	0.753: 
	0.752: 
	0.751: 
	0.750: 
	0.749: 
	0.748: 
	0.747: 
	0.746: 
	0.745: 
	0.744: 
	0.743: 
	0.742: 
	0.741: 
	0.740: 
	0.739: 
	0.738: 
	0.737: 
	0.736: 
	0.735: 
	0.734: 
	0.733: 
	0.732: 
	0.731: 
	0.730: 
	0.729: 
	0.728: 
	0.727: 
	0.726: 
	0.725: 
	0.724: 
	0.723: 
	0.722: 
	0.721: 
	0.720: 
	0.719: 
	0.718: 
	0.717: 
	0.716: 
	0.715: 
	0.714: 
	0.713: 
	0.712: 
	0.711: 
	0.710: 
	0.709: 
	0.708: 
	0.707: 
	0.706: 
	0.705: 
	0.704: 
	0.703: 
	0.702: 
	0.701: 
	0.700: 
	0.699: 
	0.698: 
	0.697: 
	0.696: 
	0.695: 
	0.694: 
	0.693: 
	0.692: 
	0.691: 
	0.690: 
	0.689: 
	0.688: 
	0.687: 
	0.686: 
	0.685: 
	0.684: 
	0.683: 
	0.682: 
	0.681: 
	0.680: 
	0.679: 
	0.678: 
	0.677: 
	0.676: 
	0.675: 
	0.674: 
	0.673: 
	0.672: 
	0.671: 
	0.670: 
	0.669: 
	0.668: 
	0.667: 
	0.666: 
	0.665: 
	0.664: 
	0.663: 
	0.662: 
	0.661: 
	0.660: 
	0.659: 
	0.658: 
	0.657: 
	0.656: 
	0.655: 
	0.654: 
	0.653: 
	0.652: 
	0.651: 
	0.650: 
	0.649: 
	0.648: 
	0.647: 
	0.646: 
	0.645: 
	0.644: 
	0.643: 
	0.642: 
	0.641: 
	0.640: 
	0.639: 
	0.638: 
	0.637: 
	0.636: 
	0.635: 
	0.634: 
	0.633: 
	0.632: 
	0.631: 
	0.630: 
	0.629: 
	0.628: 
	0.627: 
	0.626: 
	0.625: 
	0.624: 
	0.623: 
	0.622: 
	0.621: 
	0.620: 
	0.619: 
	0.618: 
	0.617: 
	0.616: 
	0.615: 
	0.614: 
	0.613: 
	0.612: 
	0.611: 
	0.610: 
	0.609: 
	0.608: 
	0.607: 
	0.606: 
	0.605: 
	0.604: 
	0.603: 
	0.602: 
	0.601: 
	0.600: 
	0.599: 
	0.598: 
	0.597: 
	0.596: 
	0.595: 
	0.594: 
	0.593: 
	0.592: 
	0.591: 
	0.590: 
	0.589: 
	0.588: 
	0.587: 
	0.586: 
	0.585: 
	0.584: 
	0.583: 
	0.582: 
	0.581: 
	0.580: 
	0.579: 
	0.578: 
	0.577: 
	0.576: 
	0.575: 
	0.574: 
	0.573: 
	0.572: 
	0.571: 
	0.570: 
	0.569: 
	0.568: 
	0.567: 
	0.566: 
	0.565: 
	0.564: 
	0.563: 
	0.562: 
	0.561: 
	0.560: 
	0.559: 
	0.558: 
	0.557: 
	0.556: 
	0.555: 
	0.554: 
	0.553: 
	0.552: 
	0.551: 
	0.550: 
	0.549: 
	0.548: 
	0.547: 
	0.546: 
	0.545: 
	0.544: 
	0.543: 
	0.542: 
	0.541: 
	0.540: 
	0.539: 
	0.538: 
	0.537: 
	0.536: 
	0.535: 
	0.534: 
	0.533: 
	0.532: 
	0.531: 
	0.530: 
	0.529: 
	0.528: 
	0.527: 
	0.526: 
	0.525: 
	0.524: 
	0.523: 
	0.522: 
	0.521: 
	0.520: 
	0.519: 
	0.518: 
	0.517: 
	0.516: 
	0.515: 
	0.514: 
	0.513: 
	0.512: 
	0.511: 
	0.510: 
	0.509: 
	0.508: 
	0.507: 
	0.506: 
	0.505: 
	0.504: 
	0.503: 
	0.502: 
	0.501: 
	0.500: 
	0.499: 
	0.498: 
	0.497: 
	0.496: 
	0.495: 
	0.494: 
	0.493: 
	0.492: 
	0.491: 
	0.490: 
	0.489: 
	0.488: 
	0.487: 
	0.486: 
	0.485: 
	0.484: 
	0.483: 
	0.482: 
	0.481: 
	0.480: 
	0.479: 
	0.478: 
	0.477: 
	0.476: 
	0.475: 
	0.474: 
	0.473: 
	0.472: 
	0.471: 
	0.470: 
	0.469: 
	0.468: 
	0.467: 
	0.466: 
	0.465: 
	0.464: 
	0.463: 
	0.462: 
	0.461: 
	0.460: 
	0.459: 
	0.458: 
	0.457: 
	0.456: 
	0.455: 
	0.454: 
	0.453: 
	0.452: 
	0.451: 
	0.450: 
	0.449: 
	0.448: 
	0.447: 
	0.446: 
	0.445: 
	0.444: 
	0.443: 
	0.442: 
	0.441: 
	0.440: 
	0.439: 
	0.438: 
	0.437: 
	0.436: 
	0.435: 
	0.434: 
	0.433: 
	0.432: 
	0.431: 
	0.430: 
	0.429: 
	0.428: 
	0.427: 
	0.426: 
	0.425: 
	0.424: 
	0.423: 
	0.422: 
	0.421: 
	0.420: 
	0.419: 
	0.418: 
	0.417: 
	0.416: 
	0.415: 
	0.414: 
	0.413: 
	0.412: 
	0.411: 
	0.410: 
	0.409: 
	0.408: 
	0.407: 
	0.406: 
	0.405: 
	0.404: 
	0.403: 
	0.402: 
	0.401: 
	0.400: 
	0.399: 
	0.398: 
	0.397: 
	0.396: 
	0.395: 
	0.394: 
	0.393: 
	0.392: 
	0.391: 
	0.390: 
	0.389: 
	0.388: 
	0.387: 
	0.386: 
	0.385: 
	0.384: 
	0.383: 
	0.382: 
	0.381: 
	0.380: 
	0.379: 
	0.378: 
	0.377: 
	0.376: 
	0.375: 
	0.374: 
	0.373: 
	0.372: 
	0.371: 
	0.370: 
	0.369: 
	0.368: 
	0.367: 
	0.366: 
	0.365: 
	0.364: 
	0.363: 
	0.362: 
	0.361: 
	0.360: 
	0.359: 
	0.358: 
	0.357: 
	0.356: 
	0.355: 
	0.354: 
	0.353: 
	0.352: 
	0.351: 
	0.350: 
	0.349: 
	0.348: 
	0.347: 
	0.346: 
	0.345: 
	0.344: 
	0.343: 
	0.342: 
	0.341: 
	0.340: 
	0.339: 
	0.338: 
	0.337: 
	0.336: 
	0.335: 
	0.334: 
	0.333: 
	0.332: 
	0.331: 
	0.330: 
	0.329: 
	0.328: 
	0.327: 
	0.326: 
	0.325: 
	0.324: 
	0.323: 
	0.322: 
	0.321: 
	0.320: 
	0.319: 
	0.318: 
	0.317: 
	0.316: 
	0.315: 
	0.314: 
	0.313: 
	0.312: 
	0.311: 
	0.310: 
	0.309: 
	0.308: 
	0.307: 
	0.306: 
	0.305: 
	0.304: 
	0.303: 
	0.302: 
	0.301: 
	0.300: 
	0.299: 
	0.298: 
	0.297: 
	0.296: 
	0.295: 
	0.294: 
	0.293: 
	0.292: 
	0.291: 
	0.290: 
	0.289: 
	0.288: 
	0.287: 
	0.286: 
	0.285: 
	0.284: 
	0.283: 
	0.282: 
	0.281: 
	0.280: 
	0.279: 
	0.278: 
	0.277: 
	0.276: 
	0.275: 
	0.274: 
	0.273: 
	0.272: 
	0.271: 
	0.270: 
	0.269: 
	0.268: 
	0.267: 
	0.266: 
	0.265: 
	0.264: 
	0.263: 
	0.262: 
	0.261: 
	0.260: 
	0.259: 
	0.258: 
	0.257: 
	0.256: 
	0.255: 
	0.254: 
	0.253: 
	0.252: 
	0.251: 
	0.250: 
	0.249: 
	0.248: 
	0.247: 
	0.246: 
	0.245: 
	0.244: 
	0.243: 
	0.242: 
	0.241: 
	0.240: 
	0.239: 
	0.238: 
	0.237: 
	0.236: 
	0.235: 
	0.234: 
	0.233: 
	0.232: 
	0.231: 
	0.230: 
	0.229: 
	0.228: 
	0.227: 
	0.226: 
	0.225: 
	0.224: 
	0.223: 
	0.222: 
	0.221: 
	0.220: 
	0.219: 
	0.218: 
	0.217: 
	0.216: 
	0.215: 
	0.214: 
	0.213: 
	0.212: 
	0.211: 
	0.210: 
	0.209: 
	0.208: 
	0.207: 
	0.206: 
	0.205: 
	0.204: 
	0.203: 
	0.202: 
	0.201: 
	0.200: 
	0.199: 
	0.198: 
	0.197: 
	0.196: 
	0.195: 
	0.194: 
	0.193: 
	0.192: 
	0.191: 
	0.190: 
	0.189: 
	0.188: 
	0.187: 
	0.186: 
	0.185: 
	0.184: 
	0.183: 
	0.182: 
	0.181: 
	0.180: 
	0.179: 
	0.178: 
	0.177: 
	0.176: 
	0.175: 
	0.174: 
	0.173: 
	0.172: 
	0.171: 
	0.170: 
	0.169: 
	0.168: 
	0.167: 
	0.166: 
	0.165: 
	0.164: 
	0.163: 
	0.162: 
	0.161: 
	0.160: 
	0.159: 
	0.158: 
	0.157: 
	0.156: 
	0.155: 
	0.154: 
	0.153: 
	0.152: 
	0.151: 
	0.150: 
	0.149: 
	0.148: 
	0.147: 
	0.146: 
	0.145: 
	0.144: 
	0.143: 
	0.142: 
	0.141: 
	0.140: 
	0.139: 
	0.138: 
	0.137: 
	0.136: 
	0.135: 
	0.134: 
	0.133: 
	0.132: 
	0.131: 
	0.130: 
	0.129: 
	0.128: 
	0.127: 
	0.126: 
	0.125: 
	0.124: 
	0.123: 
	0.122: 
	0.121: 
	0.120: 
	0.119: 
	0.118: 
	0.117: 
	0.116: 
	0.115: 
	0.114: 
	0.113: 
	0.112: 
	0.111: 
	0.110: 
	0.109: 
	0.108: 
	0.107: 
	0.106: 
	0.105: 
	0.104: 
	0.103: 
	0.102: 
	0.101: 
	0.100: 
	0.99: 
	0.98: 
	0.97: 
	0.96: 
	0.95: 
	0.94: 
	0.93: 
	0.92: 
	0.91: 
	0.90: 
	0.89: 
	0.88: 
	0.87: 
	0.86: 
	0.85: 
	0.84: 
	0.83: 
	0.82: 
	0.81: 
	0.80: 
	0.79: 
	0.78: 
	0.77: 
	0.76: 
	0.75: 
	0.74: 
	0.73: 
	0.72: 
	0.71: 
	0.70: 
	0.69: 
	0.68: 
	0.67: 
	0.66: 
	0.65: 
	0.64: 
	0.63: 
	0.62: 
	0.61: 
	0.60: 
	0.59: 
	0.58: 
	0.57: 
	0.56: 
	0.55: 
	0.54: 
	0.53: 
	0.52: 
	0.51: 
	0.50: 
	0.49: 
	0.48: 
	0.47: 
	0.46: 
	0.45: 
	0.44: 
	0.43: 
	0.42: 
	0.41: 
	0.40: 
	0.39: 
	0.38: 
	0.37: 
	0.36: 
	0.35: 
	0.34: 
	0.33: 
	0.32: 
	0.31: 
	0.30: 
	0.29: 
	0.28: 
	0.27: 
	0.26: 
	0.25: 
	0.24: 
	0.23: 
	0.22: 
	0.21: 
	0.20: 
	0.19: 
	0.18: 
	0.17: 
	0.16: 
	0.15: 
	0.14: 
	0.13: 
	0.12: 
	0.11: 
	0.10: 
	0.9: 
	0.8: 
	0.7: 
	0.6: 
	0.5: 
	0.4: 
	0.3: 
	0.2: 
	0.1: 
	0.0: 


