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Background Knowledge:

Polarizations

GR predicts massless gravitational waves and rejects non-tensor
polarizations.

There can also be scalar polarizations of gravitational waves, which
is massive, in other theories.

Massless: graviton has no mass, tfravels in the speed of light

Massive: graviton has a mass, fravels in a speed slower than the
speed of light and depends on frequency.

(1, and )


chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https:/dcc.ligo.org/public/0145/P1700276/005/maxisi_cbcpols.pdf
https://arxiv.org/abs/gr-qc/9709011
https://arxiv.org/pdf/1812.04350.pdf

Background Knowledge:

Polarizations

Call the hypothesis having both massive scalar and massless tensor
polarizations as the scalar-tensor hypothesis (as opposed to GR).



Background knowledge:

Polarizations

Speed of massive scalar polarizations are given by,
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Where m, and f is the rest mass and the frequency of the graviton,
respectively.

The higher the frequency, the faster the massive scalar polarization
(dispersion).

The different traveling speed causes a time delay.
( and )


https://arxiv.org/abs/gr-qc/9709011
https://arxiv.org/pdf/1812.04350.pdf

Alm

To test how likely there are scalar polarizations supported by existing
data.

By looking at the time delay between the massless tensor
polarizations and massive scalar polarizations of gravitational wave
signals from binary black holes (BBHs).

P(Hgr | {4t:})
{At;} is the set of time differences between signal arrivals.



Things to try suggested by

SUPErVISOr

P(Hsr | {4t )P ({4t} | Hsr)P (Hsr)
Obtain samples of time delays of twin signals Atrs. (Tensor then
Scalar)

A twin signal is the pair of tensor signal and scalar signal from the
same source.

With samples of Atg, by simulating time of arrivals of tensor signals,
signals of tensor scalar polarizations can be obtained, thus getfing

P({At;} | Her)



Time Delay Samples

To get time delay samples, a population of BBHs may be simulated.

As Atrg is given by Atrs(my, f, D), keeping my, constant, the only

parameters of BBHs required to be simulated is the luminosity
distance D; and the total masses (M = my; + m, ,m; = m,)of the BBHs.

The total masses of BBHs are required because the frequency of
GWs are changing w.r.t. time, so the f;.., is chosen to represent the
signal.

The goalis P(M) and P(D;) so that we can have samples of M and
D; for samples of Atys.



Time Delay Samples (con’t)

The dependence of fi,., With the total mass M is,
M
fisco = 44 (= )kHz

We need the probability density distribution of m;, m, and D; to get
samples of them and hence samples of time delay Ats.

( )


https://link.aps.org/accepted/10.1103/PhysRevD.91.042003
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The primary mass and secondary mass (when given a primary mass) both follows a power law.

The appearance of the mass ratio g = @ in the distribution creates the tendency for the primary
mass to be similar in magnitude to the secondory mass when f, is positive (0 < q < 1).

(Abbott)



https://arxiv.org/pdf/1811.12940.pdf

Time Delay Samples: P(M)

P(M) can be obtained by changing
variable from (my, m,) to (my, M) and 0.06 ]
then marginalizing over m;.
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Time Delay Samples: P(D;)

By the cosmological principle, the number of BBHs and hence the
probability of having a BBH at luminosity distance D; can be
assumed to be proportional to the volume of a thin shell of the
sphere at the distance

3D >
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P(Dy) =



Time Delay Samples

By getting samples of M and D; from
their respective PDFs, samples of Aty — Gaussian KDE Reflection

—— Gaussian KDE Transformation

is obtained, and a Gaussian KDE is N  Histogram
used fo estimate P(AtTS). g = 9.000000e+11km
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Time Difference between All

Signal Arrivals

Define a time of detection.

Generating tensor signals, then adding their corresponding twin
scalar signals, and with scalar signals coming from earlier tensor
signals, the signal arrival fimes with both polarizations can be
simulated.

How early in time tensor signals are generated equals to the
maximum time delay (beyond the maximum fime delay scalar twin
signal do not arrive).



Time Difference between All

Signal Arrivals

Tensor signals have to be first generated.

Tensor signal arrival times can be modelled as a homogenous
Poisson process,

P(n|2) = L -t

n!

Because of the independence between events (and as the
probability of receiving a signal scales with time).



PDF(6t]A~! = 3.333e+03s, mg =2.210e-57 kg)

T ACHTSHTT TS
0.0005 7 - Samples - Tensor then Scalar (twin Signal) 0.0004 1
0.0004 —_— AAt [analytical] 0.0006 All Combinations 0.0003 4
- Tensor then Tensor .
0.0003 A .
0.0004 0.0002 -
0.0002 -
0.0002 - ]
0.0001 1 0.0001
00000 L T T T T T T T 00000 L T T T T T T T T T 00000 1 T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 0 2000 4000 6000 8000 10000 12000 14000 16000 0 2000 4000 6000 8000 10000 12000 14000 16000
bt (s) bt (s) ot (s)
Ae~* (analytical) AC Time of Arrival
0.00030 1 = e tensor o*
0.00025 0.0006 = 40 1 scalar @ o
0.00020 by p
' 0.0004 @ 20 1 oo #
0.00015 S o ¥
0.0002 - 2 i
0.00010 - - g 01¢
=
= (|1 Y | BRI 1in ni
000005 1 T T T T T T T 00000 L T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000 40000 60000 80000 100000
ot (s) 6t (s) t(s)

Time Difference: TT~TS




PDF(6t|]A~! = 1.000e+00s, mg =2.210e-57 kg)

T ACHTS+TT TS
201 - Samples 81 - Tensor then Scalar (twin Signal) 0.0006 1
— Ae~** (analytical) All Combinations
151 6 —— Tensor then Tensor
0.0004
44
0.0002
2 -
0.0 1= T T T T T 01, T T T T T T T ~ 000001 T T T T T T T T
0.0 05 10 15 20 25 0 2000 4000 €000 8000 10000 12000 14000 16000 0 2000 4000 €000 8000 10000 12000 14000 16000
6t (s) ot (s) ot (s)
Ae~* (analytical) AC Time of Arrival
10 1 200 1
8- = e tensor _ar
08 = 150 A1 scalar e g
= _ofi”
6 1 w 4 3 3
. < 100 st &
06 @ i ¥ <«
44 5 50 ——
0.4 5 e o
o -
2 - E 0 1 &'
021 2 oo | INENRRRNR AR U L
T T T T T T 0 1 T T T T T T T T T T T T
0.0 05 10 15 20 25 0.0 05 10 15 20 25 15560 15580 15600 15620 15640 15660
6t (s) ot (s) t(s)

Time Difference: TT<TS




PDF(6t]A~! = 3.333e+03s, mgy=4.420e-58 kq)

TT ACHTSHTT TS
0.0003 7 —— Samples 0.010 - Tensor then Scalar (twin Signal)
—_ At i All Combinati 0.006 +
Ae~** (analytical) 0.008 - ombinations
0.0002 —— Tensor then Tensor
0.006 - 0.004 A
. 0.004 A
0.0001 0.002 -
0.002 A f
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000 0 100 200 300 400 500 600 700
&t (s) &t (s) 6t (s)
Ae~* (analytical) AC Time of Arrival
0.0003 A
0.010 4 = g4 @ tensor . 8° &v
=) scalar @ v
0.008 o y, &
0.0002 g 40 o®”
0.006 ] 2 e
5 20 9 89°
0.0001 - 0.004 1 E o ov
0.002 1 E
é’_zo_IIIlIIIIIIIIIIIIIII] i B lrmi
00000 h T T T T T T T 0000 L T T T T T T T T T T T T
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000 0 20000 40000 60000 80000 100000
6t (s) ot (s) t(s)

Time Difference: TT>TS




Acknowledgement

My work partners (Alexander Verhaeghe and Annie Brown)
Dr Michalis Agathos

Professor Tjonnie G. F. Li
Professor Otto A. Hannuksela



