P(@0X A | L CooKIE) =

HOW 1§ PE COMPUTEDZ <=

s

/ 1/2

P(cc COOKIE | BOX A> P (BOX A)

P(cc cookiE)
3/4



2/3
P@OX A | ¢ CookIE) °

HOW 1§ PE COMPUTEDZ <=

s

/ 1/2

P(cc COOKIE | BOX A> P (BOX A)

P(cc cookiE)
3/4



HOIxJ IS PE COMPUTEDZ <=

CHoLo LATE
CHIP
|ES /
N/ /
> 7/ / /
’/ / J ’/ //"'

q

At

////// P

@xﬂcccoo

D cc COOKIE| BoX ADP (Box A)
Kl
Pl COW
Es. from Bayes’ Theorem:
isual i i gi




HOW 1§ PE COMPUTEDZ 42

wxb // /// //4_ cloate W @W

D(BOX \400 (00kic,) OW

L

a visual introduction for beginners



S
HOW 1§ PE COMPUTEDZ o

GVED THROHEN
?%p( ‘9 .m)

DLt

od el



a2
ke

—

? (H‘d[—] p(d|o, 0@’
{7 . data
@ : parameters

-----------------------------------------------



Ol 1§ PE COMPUTEDZ 2

WW
?% p(d|0, W

----------------------------------------------



COMPUTATIONAL CHALLENGE

#suming GRUSSIAN NOISE -

0 weaw; bnsuww varionce

p(d| 0, H) « exp —5f§2‘d(fi)s (

W 107 times> l i=0
d : data ’

-------------




NVQUIST THEOHEN

E
:

Re [y(/)] 5F
: e N ]
| I I
J l 1/1]%\{1 r'I ] t\_{_]_}, im /)
s v
k | ) 7
~ 2 samples per cycle IWMW ~ 1 sample per cycle
~ A o ‘ T 7 r \

5t < (f

-~ )7 ~ of < 771
_ y . ] _ Y




—

log(f/Hz)

1
K [ chirp-mags
: B (ml m2)3/5
] ke )

/
T o %—5/3f()—8/3




Gl SNALS vt

& ‘ ADVANCED
' LIGO

EINSTEIN
TELESCOPE

log(f/Hz)

/ —/ NSPIHAL 7 o f,, 8/3
o




Gl SIGNALS Tl

o
few ------- ~ 15 ------ ~ 40

— ‘ M%WAJ% senSidivide il

n LIGO

T

&‘ ADVANCED
LIGO

§ EINSTEIN
. \ TELESCOPE

\ log(f/H?)
/ -~/ NSPIHAL 7 o f,, 8/3
o




{0 CAN E OVEHCOME THE
HOBEN?



DETECTION PIPELINE

gstlal

K. Cannon et al.
2012

MBTA

T. Adams et al.
2016

Il ..l NN .
R

| B B B OB OB RN W NN RN O W B B B B B RN R B R

' PE for LISA with 2 bands :
: E. K. Porter et al. 2014
‘ 4

’9

------------lll-»‘—."—’

REDUCED ORDER QUADRATURE

M “TROQ
L x exp {45]”2 c,.(é)wi}

=0

M d(f)Bx*
oy sy 3, A0
k=0 ?

|
Very large speed) up factsrs:
1 (~300 o ~20 Ha)
o R e from fo ~20%Kp) _ _ ®
Canizares et al. 2013;

Canizares et al. 2015;
Smith et al. 2016

m = = m 7



HHEECTIVE SAMPLING

QU'ST Ll on TBC SINALS |- o,

-----------

o less saumples are
(o) & ~ min(50)], needed

-----------



HHEECTIVE SAMPLING

QU'ST Ll on TBC SINALS |- o,

Becauss lare is w function {t) Z

4 less. andb loss sumples are
needed) ot lewer times

|

|

1)



HHEECTIVE SAMPLING

ltIZQUIST TH[OHE BC SIGNALS » of <t
I,




FIFECTIVE SAMPLING
—MQUIST TH% BC SINALS |- i

------------




LFECTIVE: SAMPLING
M e s (e
iy

Becausé lore i o function t(f) Z
- msre and, msre sumples are

[

Jo



-------------.

2
|

POSSIBLE lmPHOVHYlENTS
Ny, = J:f

@ R '

5/37 £5/3
” J S =

O

-----------------------------------------------

Jo

'



S

-Llll
-]

Time to merger [s]
|
=
-

—1507

—200

NYQUIST THEOREM

] _1
of <7
Py
T
) 05 30) 35 40 45 30 35

Gravitational frequency [Hz]



Llll
-]

—100-

Time to merger [s]

—1507

=200

20 25 30 35 40 45
]’C Gravitational frequency [Hz]
0

50



Llll
-]

—100-

Time to merger [s]

—1507

=200

20 25 30 35 40 45
]’C Gravitational frequency [Hz]
0

50



2, 50"

—

L

) >
—

L

= 100

3

L

g

1501 _

=200

20 25 30 35 40 45 50 55
]’C Gravitational frequency [Hz]
0



|
'
- .

T>T1>Tz>73

Ofg < Of1 < 0f; < Of3

=
-
e

o]

Time to merger [s]

I
—
N

'O

|
°

5= 201 Y 7 S 7iy/2

—200

30)

35 40 45

Gravitational frequency [HZ]




Time Lo merger |s|

150 | |

—200

—1001¢.

Lol

Practical example

50

100

150 200 250 300
Gravitational frequency [11z]



Mli-tandng.

h\l I I I I I
i -8 // 3

107
X fm in

f—s /3
~/ .
min

Data, Standard

10° B

10° £

104 :\‘

Number of used frequencies

10° | T

10 20 30 40 50 6()

L.owest frequency cut oft f,,:;, [HZ]



10°

104

Number of used frequencies

10°

10° E

X fa-m' n
~5/3
™~ f;'mfr;
. * Data, Standard
Data, MB-Interpolation

\l | I | | |
i -8 // 3

10 20 30 40 50 6()

L.owest frequency cut oft f,,:;, [HZ]



ACCUAACY REQUIED FO PE




WHAT 10 DO 10 HEACH THE
@OHEQUIHED ACCURACY 7

-
e=" Y
-
- [ |
>
s ” 4
s’ Y 4
¢' Y 4
- Y
Y 4 -
Y ',' )
74 P [
/4 '¢ [ |
L} X 4
i_' ~



WHAT 10 DO 10 HEACH THE
) HEOUIHED RCCUHRCW




INTEHPOUHION W

0|

h(f) = A, f)e

" ¢
fj: :fj+1



INTEHPOLATION o

h(f) = A, f)e -iv(0.)|




INTERPOLATION

h(f) = A, fe 1)

>&
Piad
§ [
> ;
0/9\ 1
N :
| :
R :
>‘O‘Q :
<, :

e
8(Ji+1) — 8(f)k of

" o $ -
» No(f)) ho(Jj+1)




INTEHPOLATION W

() = A@, e 10|

T
8(fix1) — 8(f)k of




ACCURRACY HEQUIHED [0f PE

a*(£)b(f) + b*(f)a(f,) Moderately loud signals
(alb) ~20f ) ——— SNR ~ few X 10
k>0 n



------------------------------

ME INT HCCUHHCV\Q%




0.5

0.2

4.0
3.5
3.0
2.5

2.0

1.0
0.5

/ \
&h-(_) - hlhu — h,’

(holho)



... GHVERT

WS generatisy times:

[ Time for interpolation J

Time for calculate 2
Ime 10r calcuilate Af

~

( ] ]
Time required to generate
waveform at a single Fourier

. component )
s N E E EEEEEEEEEREEE e e E T E E - EE "R .- '
' i
T :
] i
: i w i TSfd t 1
i A?ix > NMB | (t + 5t) > Gtemplate = T g i :
1 MB—INT |






ESULTS ---------- ‘E
% DD

IURVEFOHN GENEHRTION

--------------------------------------



TaylorF2

Tstandard /ThB 1| ONE Of THE SMY")LEST
WAVEFORM MODELS

IMRPhenomPv2

ry /r ]

Tsiandard / LMB — .
aar

N /Nup

200

Gain 1n template generation

10 20 30 4() 50 60 100
Lowest frequency cut off f,,;,, [Hz]

MOKE SOPHISTICATED
WAVEFORM MODEL

10 2()
Lowest frequency cut off f,,,;,, [HZ]




__________________ _ _r LALInference
! J. Veitch Phys. Rev. D,
91:042003, 2015.

Q = 2048 Hz

o Jo = [20, 30,40, 60] Hz

5 , .EV
Advanced LIGO &
Advanced Virgo

INJECTION

o §tatisnary gaussian neise
@ D; ~200Mpc

PE NS

Only TaylorF2

o Distance prior:

o my=my=14Mg uniform in volume up to 500 Mpc



Probability density

[ 4
i 1
i 0
0 0
0 i
i 0
0 0
0 i
1 1
¢ l
~ I = = =E =E =E = = = H B H = = == BB == = = =B BB =B =B =B =B =B =B =B =B =B B B =B B =Hm =
[ 1 Standard [ MB-Interpolation
| | 3‘5 | | | | | 0'009 | | |
2000 | x 0.008
3.0 F '
0.007
- > 2.5 F 5
1500 - £ £ 0.006
-g 2.0F -g 0.005
2 Z
1000 - = 15k = 0.004
3 2
© © (.003
& 1.0k 1 =
500 - 0.002
0o 7 0.001
0 : 0.0 S 0.000
1.218 1.219 1.220 0405060.708091.0

M [MQ)] q



TaylorFk2

3.0 - . 1 T 1
|
. o 2.5F =
| 1 E
| e
1 £
| =
1 E $
| g}) i
o=
-
| — 1.5k I —
|
|
' g3
i 1.0 _ 1_ |_ 1‘ 1_ _1A
: 10 20 30 40 50 60
............ ’ Lowest frequency cut off [Hz]
foin {H J] 5f0[H J GE? Gf;ﬁ?pla,,e Niix / Nnp N[ix/ N inin
60 1/16 1.09 4+ 0.03 | 1.31 £ 0.01 3.70 Ho.4
40 1/64 1.56 + 0.05 3.8+ 0.1 12.82 83.8
30 1/128 | 1.914+£0.07 | 5.540.1 23.40) 112.2
20 1/300 | 2.72+0.14 | 8.8 4+0.2 61.01 169.1




l

CONCLUSION AND- HEIMARHS

Current and future instrum ents

Physics of low mass systems /
mergers

/

Important to speed up the
parameter estimation

Possible solution inspired by search { |
methods: MULTI-BANDING . One of the main bottlenecks

(+ INTERPOLATION for accuracy)

of the analysis:

Waveform computation

Already good results with speed-up| ‘. for sophisticated models

up to ~ 80 for tested sophisticated
model at lowest tested fo



CONCLUSIONS

ME —INT

No set up costs |

Flexible: can be easily applied
to waveforms with higher
dimensionality parameter
space

\
@

=\

General validity of the method

AND RENMAAKS

 Compared to 10

r@Higher speed up factors
' Requires high computational

+ and memory set up costs

1@ ROQ + MB-INT could accelerate
. and save memory for initial set up

(also outside the GW field) / .

GraWIToN ['sf M N Fu A %

" GW Initial Training N




EXTHA SLDES



Gl SIONALS:, —

NEWTONIAN ORDER

¢(t)) -— :
¢ ch—8/3ﬂ—5/3
A t O<f2/3.%5/3

SIATIONARY PHASE APPHOXINATION -

tor h(t) = A(f)cos (1)) ‘

f ¢ <@
log A(?) < ¢'(t) ~ f(2)

o h(f) = —At<r>\/:f exp (ip(f))
all. w(f) = 2aft. — P(t) — nl4




Gl SIONALS:, —

NEWTONIAN ORDER

¢ ch_8/3ﬂ_5/3
A t O<f2/3%5/3

SIATIONARY PHASE APPHOXINHTION -

for h(®) = A(t)cos (p(0))

L
«

h(f) = Adf)exp (n/f(f))

Ton () = lAﬁ)\F_f exp (iy(f)) @) < M
S—

Af) Vo ° @0 w(f) = 2xft, —




~ . Fourier
Tranform (FT)

NYQUIST THEOREM -~

T, 5T,

'-— ------------

------------------------------------------------



~ . Fourier
Tranform (FT)

NYQUIST THEOREM -~

T, 5T,

'-— ------------

------------------------------------------------



NYAUIST THEOREM




NYQUIST THEOREM




NYQUIST THEOREM




NYQUIST THEOREM

frequency demain




