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1. LIGO Gravitational Wave Constraints
o GW150914 Overview
e Non-Commutative Spacetime

e Gravitational Waveform Calculation



LIGO GRAVITATIONAL WAVE
CONSTRAINTS




GW150914

The LIGO detectors observed a binary black hole merger, with masses of
39f3M@ and SQfEM@. Observed frequencies ranging from 35 to 250 Hz
and speeds of up to ~ 0.5¢.
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GW150914

waveform regime median GR quantile log,, Bﬂfw
parameter f—dependence single multiple single multiple single — multiple
5o e —0.1°01 1339 094 030 1.9+02
541 £ 03704 -0.5%9¢ 0.16 093 1.6+02
5¢2 ! 0403 —1.6"1%% 096 056 1.2+02
543 i 0202 20134 0.02 042 1202
early-inspiral regime 504 s —19°18 —1.9*123 098 056 0302 3706
0ps; log(f) 0.8702 1478 0.01 055 07+04
56 1B 12068 099 047 04102
@61 £ log(f) o8 -19%01 002 057 -03x02
547 Vs 3829 32531 002 041 -00x02
B2 log 01704 02'2% 024 028 14x02
intermediate regime %2 “ij o3 05 = 2302
B3 f 0.170% -0.09% 031 056 12+04
8 -t —0.1704 0019 0.68 050 1.2x02
merger-ringdown regime| a3 N 0317 0.0%F 0.60 051 0702 21x04
Sy tan”'(af +b) -0.1%03 -0.1*}} 0.68 062 1102
03 OPN 20 0.5PN 1PN 1.5PN 'Zl"N 2.5PN" 3PN 2 3PN 35PN
02 L5 4 1 15 4
10 10
0.1 05 2 1 1 I s I 2 i
& 0o 00 o gy = 0 of == i E 3 *
-0.1 B - I Y
1.0 -2 -10
02 15 " I -15
=03 -2.0 =20 -
%o @1 (2] 93 fﬂ et Y6 Pal 1 ] B @ @y ay
pi

[arXiv:1602.03841]

3/14



Determining the Waveform

o Based on the Post Newtonian (PN) formalism (sometimes called the
BDI formalism")

1L. Blanchet, Living Rev. Rel. 17 (2014)
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Determining the Waveform

o Based on the Post Newtonian (PN) formalism (sometimes called the
BDI formalism®)

o In the full Einstein Field Equations (EFE) we introduce the
gravitational field amplitude

he? = =g =’ |

o We work in the harmonic gauge

hef =0 |

o This gives the full EFE

oh®? = 16778 }

Ta/ﬁ _( )Ta,B + 11 Aaﬂ J

1L. Blanchet, Living Rev. Rel. 17 (2014)
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Determining the Waveform

Oh*? = 16m(—g)T*" + A |

far zone (PM)

Y

27T, Li, “Extracting Physics from Gravitational Waves”, Springer Theses, (2015)
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Determining the Waveform

Oh*? = 16m(—g)T*" + A |

r=d r=R r =00

far zone (PM)

Y

GTI

Post Minkowskian (PM

)_

o h*f =3  G"heP
o Oh*® = AP
o Oh2P = AP ...  h2P ]
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Determining the Waveform

Oh*? = 16m(—g)T*" + A |

r=d r=R r =00

far zone (PM)

Y

o h* =3 G hy?
o Oh®P = AP
o Ohg? = AZP[RSP, -+ R3]

o hef = S ih%ﬁ

n=2 cn

o7_a5: oS} 1 _apf

o V2P = 16n728, + 8222,

2T, Li, “Extracting Physics from Gravitational Waves”, Springer Theses, (2015)
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Determining the Waveform

T (2,t) = =0l (o] ()0(z — 31(1)) +1 > 2 J

99pc
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Determining the Waveform
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Determining the Waveform

T (2,t) =

Equations of Motion Energy Loss - Flux Radiated

0 Bu(v/ggruTH") = 5/GOrgu T
oa =—8"2pn,, + 0(2)
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Determining the Waveform

T (2,t) =

Equations of Motion Energy Loss - Flux Radiated

0 Bu(v/ggruTH") = 5/GOrgu T

o F=§ (D1 +0(2))

o a; = —Cj,?;z ni2 + O(2) 5745 T
E = ml’”% Gmima O(2 1 2
o = — —W'F (2)+1 +
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Determining the Waveform

T (g, 1) =

Equations of Motion

o Ou(\/ggruT"") = %\/gakgle‘W
oa;=-—%22n;, + 0(2)

o F=§ (LI + 02))

5745 Tij

7'2.
o o F=2&mn? | o)
o F="T1_Gmims L () 4] ¢ 2
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Determining the Waveform

o Given the orbital phase, the waveform in frequency space can be

written as

Iy, x (f) = Ay x (f)e_er’X J
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Determining the Waveform

o Given the orbital phase, the waveform in frequency space can be

written as

Iy, x (f) = Ay x (f)e—i¢+,x J

o The phase, ¥, x has been calculated to 3.5 PN®

Y x(f) =2nfte — e — 5 + 217':0 1/,J.f(j—5)/3 J

o PN order of coefficients defining the waveform

by = 1 (7M) 072 Py ]

ap =1 a3 = —167m
a1 =0 _ 15203365 | 27145 3085 . 2
L (@ 508032 T soa VT T2 V

3715 , 55
Q2 = Tgg + gV

3T. Damour, B. Iyer and B. Sathyaprakash, Phys. Rev. D 63.4 (2001)
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Non-Commutative Spacetime

o Non-commutative spacetime arises in a number of contexts, to handle

divergences in QFT, appears in low energy string theories and

non-commutative gravity scenarios*

4H. Snyder, Phys. Rev. D, 71 (1946)
N. Seiberg and E.Witten, JHEP 9909, 032 (1999)
X. Calmet and A. Kobakhidze, Phys. Rev. D 72 045010, (2005)
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Non-Commutative Spacetime

o Non-commutative spacetime arises in a number of contexts, to handle

divergences in QFT, appears in low energy string theories and

non-commutative gravity scenarios*

o We introduce the algebra on non-commutative spacetime coordinates

[a#, 5] = 0" |

o We focus primarily on the corrections to the energy momentum tensor

Th, = TE +TE* + T - |

where the nth term in the expansion is of O(]0|")

4H. Snyder, Phys. Rev. D, 71 (1946)
N. Seiberg and E.Witten, JHEP 9909, 032 (1999)
X. Calmet and A. Kobakhidze, Phys. Rev. D 72 045010, (2005)

8/14



Non-Commutative Spacetime

o Interested in the first order non-commutative correction to T},

Tno(q) = (p2| : Tye = |p1) J

with g, = (p2 — p1)u
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Non-Commutative Spacetime

o Interested in the first order non-commutative correction to T},

Tno(q) = (p2| : Tye = |p1) J

with g, = (p2 — p1)u

o If sourced by a massive scalar field, ¢, it is®

The(2) = T (@) + 1 3502070000 0050p0 + -+ |

o For a single point particle, as used in the PN Formalism

2

The(z) = Ben™ 0707 PuPs0i0s8* (x —y) |

5A. Kobakhidze, Phys.Rev.D79,047701,(2009)
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Non-Commutative Spacetime Waveform

r=d r=9R r =00

far zone (PM)

We have a non-commutative correction to a source of two point-particles
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Non-Commutative Spacetime Waveform

r=d r=9R r =00

far zone (PM)

We have a non-commutative correction to a source of two point-particles
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Non-Commutative Spacetime Waveform

r=d r=9R r =00

far zone (PM)

We have a non-commutative correction to a source of two point-particles

9% — Ag,fr 09 = 2% 04,
_ F
A= zt =%
c” 3 3
Tye =— W’Ylmlgwaﬁﬁ (x—y1(t))x
|A20765 + 2AP 005, 2t + eP* 905105 P2 | +1 5 2
C
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Non Commutative Spacetime Waveform

Th = — Sumig R205030:0,8°(x ~ i(1) |
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Non Commutative Spacetime Waveform

Th = — Sumig R205030:0,8°(x ~ i(1) |

@

Equations of Motion

3G M3 2
o anc = _WA (1 — 21/)[1
Enc = -3 MIR2(1 -2
°© NC = 8cir3 ( - V)
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Non Commutative Spacetime Waveform

Th = — Sumig R205030:0,8°(x ~ i(1) |

¢ SN

Equations of Motion Energy Loss - Flux Radiated
o ayc = —3CM2R2(1 _ 9
NC = 8cir4 ( V)n
o Enc = —3EMIR2(1 — 2v)
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Non Commutative Spacetime Waveform

Th = — Sumig R205030:0,8°(x ~ i(1) |

¢ SN

Equations of Motion Energy Loss - Flux Radiated

° anc = —%i\%l —2v)n o F= C% (%Iz(j)lz(j) —|—(’)(2))
& 3 ~ Gm 2 o
o Enc = - R(1 - 20) o Fnc=2Lrm4(1 - w)R?
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Non Commutative Spacetime Waveform
Tfe = —fSmmig™ N0507.0.0,8°(x =1 (1) |

¢ SN

Equations of Motion

Energy Loss - Flux Radiated

° anc = —%i\%l —2v)n o F= C% (%Iz(j)lz(j) —|—(’)(2))
& 3 ~ 6m71/2 -
o Enc = - R(1 - 20) o Fnc=2Lrm4(1 - w)R?
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Non Commutative Spacetime Waveform
Tfe = —fSmmig™ N0507.0.0,8°(x =1 (1) |

¢ SN

Equations of Motion

Energy Loss - Flux Radiated

° anc = —%i\%l —2v)n o F= C% (%Iz(j)lz(j) —|—(’)(2))
& E 6m7u2 -
o Enc = - R(1 - 20) o Fnc=2Lrm4(1 - w)R?
d(E+E
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Non-Commutative Correction to the Phase

o Recall the waveform

By x (f) = Ag x (fle” ¥+ J

12 /14



Non-Commutative Correction to the Phase

o Recall the waveform

By x (f) = Ag x (fle” ¥+ J

o Now with a modified phase

Vi (f) = 2mfte = go = § + X705 f077 |

12 /14



Non-Commutative Correction to the Phase

o Recall the waveform

hix (f) = A (e |

o Now with a modified phase

Vo (f) =2mfte = ge = §+ X5 f U707 |

o PN order coefficients defining the waveform

Vi = 1oy (T(M)0 ™%y |

_ 15203365 , 27145 30852 |, 35.1 _ 12
oy = oo + v+ v T 5 (1 - 2w)A J
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Non-Commutative Correction to the Phase
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o The GW150914 signal lies in the highly dynamical strong field regime
of gravity, allowing for precision tests of GR to high Post Newtonian
order.

o By calculating deviations in the phase of the waveform, theoretical
models can be constrained using this signal.

o At a first glance, it appears to put decent constraints on

non-commutative spacetime.
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Determining the Waveform

o Consider general 0 PN waveform

hi,x = Ay x(t) cos(d+,x (1)) J

o Use a stationary phase approximation to take the Fourier transform

iL+,>< = %A+,><(t*)1 /Tr iﬂ(t*)e%w%x J

o The phase, ¥, x has been calculated to 3.5 PN®

Y x(f) =2nfte — e — 5 + 217_:0 wjf(j—5)/3 J

o PN order coefficients defining the waveform

T I

1280
ap =1 a3 = —16m
ar =0 _ 15203365 | 27145 3085 2
L . - 508032 T soa VT 72
Q2 = S5 + gV

6T. Damour, B. Iyer and B. Sathyaprakash, Phys. Rev. D 63.4 (2001)
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