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INntroduction

- Eccentric binary systems circularise as E and L are emitted (Peters 1964)
- Eccentricity of BBH expected to be O well before merger

- Eccentric binaries in LIGO band?

- Can we measure (bound) eccentricity of GW events such as GW1509147

- Eccentric waveform model could be compared with GW data to
measure/constrain eccentricity)

- Construct and test such a model using Post-Newtonian approximation
and Numerical Relativity

- Only need late inspiral+merger; e.g. last 5 orbits for G\WW150914



A selection of eccentric Numerical Relativity
simulations

19 new accurate NR simulations,
~25 cycles, SPEC code

Non-spinning
Initial eccentricity e < 0.2
q:m1/m2S3 eO=O.OO
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—ccentric simulation

Trajectory
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What does an eccentric BBH merger look like”
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e -ccentric mergers are circular!



What does an eccentric BBH merger look like?

e Circularisation just wor———"—"—""""""""""— ]
before merger for =1 05t ]
[Hinder et al. 2008] |

041 Eccentricity lost
* Now extend to q=3 5 0a : before merger
e [or all eccentricities, 0.2}
e Same waveform for Ol e— e ]
t> tpeak - 30 M 0.0 S I :
500  -400  -300  -200  -100 0
e Merger remnant has (t-tpeak)/M

same mass and spin
GW instantaneous frequency (q=3)

e Can use circular merger independent of e for t > tpeak - 30 M
model (similar for amplitude)


https://arxiv.org/abs/0710.5167

Modelling the inspiral: the building blocks

Post-Newtonian model:

Conservative motion (without
inspiral):

constant E and L

eccentricity e, semi-major axis a

r, ¢ inEand L (3 PN)
Radiation reaction:

Adiabatic constants E and L
integrated from 2 PN fluxes

Waveforms O PN (restricted
approximation):

he, hxin T, ¢

Particle Peri-centre
Focus
r,-T,
Centre e =
r,+1,
/ e=0: circle
Apo-centre 0 < e < 1: ellipse

See [IH et al. 2010] for details

Empirically found best
agreement with NR for PN
expansion variable x (TaylorT4
X when e = 0)
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Validation of PN inspiral against Numerical
Relativity

- NR and PN agree well in inspiral for last ~10 orbits

AN NANANNANANANN
N vV VIV VIV
- Fit best PN (e,x,l,¢) over inspiral PN breaks

down near
merger



—ccentric model construction

Use eccentric PN for inspiral Use quasi-circular for merger
(agrees well with NR)

0.55— =0 E ‘_
N 2=02 PN for t < tef s
0.4 ? | B
= [ ! .
3 0.3 - B
= Eccentric PN =
0.2 3
g oF

- Use a fitted ansatz - Blend in frequency and amplitude of
for At (time to peak) waveform between eccentric PN and circular
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—ccentric model construction: Merger

e Circular Merger Model (CMM): @

e One-parameter (q) family of e=0
waveforms

w22

e Interpolate w(t) and A(t) for
g e {1, 2, 4} from SXS public
catalogue

¢ Test against 4 additional e=0 (e)
waveforms

e Modelling error negligible

Re[h22]

Comparison between NR and CMM for 4
quasi-circular waveforms not used to
construct the model/
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—ccentric model construction: Transition

e Smoothly blend PN inspiral and circular merger
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e Blending parameters from NR simulations

e Most important:

e At: where is the peak of the merger waveform? Fit from NR. Fit error =1 M.

At(g,e,l) = Aty + are + ase” + biq + bag” + crecos(l + ¢3)
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Results: Waveform comparison

e Determine PN

parameters of NR 0.090
waveform via 1 0.085
orbit fit ~7 cycles 0.080
before peak 3 0.075
e Optimise PN ] e’
waw(Xo, €o, lo) to get 0.085¢
best agreement with 0.060 f
NR 0.055 |

(t—tpeak)/ M



Results: Waveform comparison

* Typical case: good agreement over the ~25 cycles of the NR waveform

04r
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Results: Waveform comparison

e Worst case: dephasing of both ®(t) (orbital oscillations) and I(t) (eccentric

oscillations)
e Agreement is worse ~_ (g=3., p=0.09)
for highere
and higher q 0.471 NR 11 ‘
0.2 i Model
= oo AN
02}
S04F e

-300625062006150861000-500 0 -156-100-50 O &0
(t—tpeak)/M



Results: Faithfulness

e Target GW150914.
e O1 Advanced LIGO noise curve with fmin = 30 Hz
e Short NR waveforms sufficient

e | abel with erer from fit to PN ~7 cycles before the merger

~ ~

Tmax 3 (f) (f)d

e Overlap: :
o Sn(f)

(hilh2) E4Re/ f

¢ Faithfulness:

F = max (hl (¢catc) ’ hg)
deste \/(hilh1)(ha|hs)
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Results: Faithfulness

107" 5 107" 5

1072 E

e Eccentric model faithful (97 %) with NR for g < 3:
® :OI’ eref < 005, M > 70 M@
® :OI’ eref < 008, M > 98 M 0

e _imits on M from: (i) length of NR, (i) accumulated PN errors (from RR)
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Conclusions and outlook

Eccentric inspiral-merger-ringdown BBH waveform model
See [Huerta et al. 2016] for a similar model, not calibrated to NR simulations
Non-spinning, g = 3, eef < 0.1
Numerical Relativity for calibration and testing
< 3% unfaithfulness to NR for GW150914-like events
NR simulations and Mathematica code for model will be public
Future:
Implications for measurement of e with G\ detectors
Longer NR waveforms

Spin
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