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Abstract: NANOGrav is a consortium of radio astronomers and gravitational wave physicists whose goal is to detect gravitational waves us
array of millisecond pulsars as clocks. Whereas interferometric gravitational wave experiments use lasers to create the long arms of the ¢
NANOGrav uses earth-pulsar pairs. The limits that pulsar timing places on the energy density of gravitational waves in the universe are on tr
of limiting models of galaxy formation and have already placed limits on the tension of cosmic strings. Pulsar timing has traditionally focus:
stochastic sources, but most recently | have been investigating the idea of detecting individual gravitational wave bursts wherein there ar
interesting advantages. | will also demonstrate how the array can be used to reconstruct the waveform and obtain its direction.

Pirsa: 10120035 Page 1/87



Andrea N. Lommen

Chair, NANCGrav
'rofessaor of Physics and A

o D, ;
Diresjor of Gruagy Observaiory
== S ;
Frarnkimand Marshall Caollege
L™
Lahcaster. PA

o
Yy
\

- et

%

Ll |

Stronony

N Head of Astronemy Program

Imzge

uriesy of Michael Kram

[=3,



NANOGrav

LA
+h)
I
%]
L
]

th

_":.

(=]

h
o=k A
L L. (5}
A LE

o
il R
e i
o}

_. (1]

i E
1 B
; =+

7]

m i
=







~ /

NANOGrav

»~ Australia Telescope National Facility. CSIRO, Sydney

~ Swmburmne University of Technology. Melbourne
~ Umiversity of Texas, Brownsville
» Franklin & Marshall College. Lancaster

~Umversity of Svdney, Svdney

Ly

~ National Observatories of Chna, Beijing

~Southwest University, Chongging

»Curtin Umversity, Perth







-
NN




- ¥ i




. F 4

NANOGrav

« NANOGrav
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Millisecond Pulsars are Very
Precise Clocks
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At midnight on 5 Dec, 1998:

P =1.5578064688197945 ms
+/- 0.0000000000000004 ms
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Table 1 PSR J0437-4715 physical parameters

Right ascension. o (12000) __.
Declination. 4 (J2000)

Bo (masyr™")

5 (masyr)

Annual parallax. = {mas)

Pulse period. P (ms) ... _____.
Reference epoch (MJD)

Period derivative. P (1077) .
Qrbital period. £, (days)

z (s]

Orbital eccantriaty, = __ .. _____
Epoch of periastron. T, (MJD)
Longitude of perastron. w (°) -
Longitude of ascension. (2 (%) .
Orbital inclination. 1 (*)
Companion mass. ms (M=) ...
A (10"

T o

0437™1527865145(7)
-47°15087461584(8)

121 438(6)
-71.438(7)
7.19(14)

5.757451831072007(8)

51194.0
5.72906(5)
5.741046(3)
3.36669157(14)
0.000019186(5)
51194 6239(8)
1.20(5)

238(4)
42.75(9)
0.236(17)
3.64(20)
0.016(10)
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The science is in the
residuals!:

(a; Good” Timing Sclution-

RMS precision ~ 10°-1032 P

Position error

;)
g
4y

Wide

"“ H_'

”%.I 4

P
8%,
ifJ‘..

il .
o8 4

A E
gttt e

L4
oW

LA
L L

LR
o+

-

I
.’-fﬂf“’"i‘“‘
=t W ¥

i it

ptt 1
mlllli'i
it i
..# i 'll'I
et
..'tl_unm'l'ﬂﬂ'l

Proper motion

| :
%5 : ézf

" FI-F:I;LI*
'H“'"'""!"h i

[l
i

o b ey

F oA At 4 >

I-:f
L
L[ A




GW Signoture [us)

|

o

(years)
- —
o - S
s —
—
i e
ST FG




i i
F

-,
-t
—
——
-
dar

(B1]

.

NANOGrav

- e
e
— _\_\-"—\_
.-"-F 5
— o
- -

-_—
-._—..._‘_\_\_\_\_
&
ik

[ R



('

slgnoture [ue)

Aty

_,|..'..‘_'._Il

Ml Hesidual I.

L# (W ]

[ R

.

\\

EEETE |
e
. =

4

—







Photo Courtesy of Virgo
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Pulsar2 -

Earth X _
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NANOGray— = |

B
dt ) dx’ dx* dx’ dx*
==
dA) *dA dA  dA dai
-k n"
l+k n”
esidual = e ,n’n* i—”(l —kn" )[ £(5) - flt, - L{1+ k2" ))]

=

y 2

h . (1.%)

dt = [ di-

[ din'n*h (1(1).%(2))

here hﬁ_(r_,.?) =h,f'\t - k- %Je and L is the distance to the pulsar
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NANOGrav rt
(analysis curm

Stairs, S. Ransom, R. Ferdman)

Source

JIT13+0747 |
J1909-3744 |
B1855-+09 |
J0030+0451 |
Jlbﬂﬂmjnji!
J0613-0200 |
J1744-1134 |
J2145-0750 |
J1918-0642 |
J2317+1439 |
J1853+1308
J1012+5307 |
J1640+2224 |
J1910+1256 |
J1455-3330 |
B1953-+29

. Bifd3-1224 |

Per-channel

RMS, us

0.106

0.181
0.395 2.1

0.604

1.293

0.781
0.617 3.58

1.252

.27
0.496 3.03

L.O28

1.32T 1.4
0.562
1.394 2
4.010
3.981 |
2892 2.7

-

g results summary
Met¥°D, M. Gonzalez, D. Nice, |.

Daily |

Hi-freq

s | RMS, us

(0.0530

0.038 |

0.111

0.148 |

0.163
0.178
0.198
0.202
0.203
0.251
0.254
0276
0.409
0.708
0.787
1437

1.467 |

0.041
0.047
0.101
0.328
U.141
0.519
0.229
0.494
0.211
0.155
0.27

0.345
0.601
0.710
1.0S0
1.879

1.887

Analysis features:

Two independent
calibration/processing

pipelines — psrchive and
ASPfitsreader

DM(t) and timing model
in single fit.

Fit includes systematic
timing vs freq correction
(profile shape evolution).
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8, rad
FIGURE 2. a) Results of the numerical simulation of the two-point correlation function for M =6 pul-
sars and N = 50 TOAs. Signal-to-noise ratio SNR ~ 10. b) Experimental plot of the two-point comrelation
function. Moving average by 2-5 pomis were applied. Correlation coefficient between theoretical curve
(solid line) and experimental points p =0.82 £0.07
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FIGURE 2. 2) Resuits of the numerical simulation of the two-point correlation function for M =6 pul-
sars and N = 50 TOAs. Signal-to-noise ratio SNR =~ 10. b) Experimental plot of the two-point correlation
function. Moving average by 2-5 pomts were applied. Correlation coefficient between theoretical curve
(solid Iine) and expennmental pomts p =0.82 =0.07
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=i = Tlu.u + h,m_r
dt ) _3 dx’ di+ dx’ dx*
dA)  * da dir dA da
&

—

h ﬂ.{(r,.r)

dt = [ di-

R P i (vt
1+k:;z”‘fdmw h_..:gf(f(ﬁ-),.r(_i))

esidual = €1 ‘n" %(1 — < = )[f(fﬂ ) = f(fﬂ 3 L(l +k,n" ))]

=

-~

here hjk(r_,.i") =h,f'|t —k- x|e and L is the distance to the pulsar
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8. rad

FIGURE 2. a) Results of the numerical simulation of the two-point correlation function for M =6 pul-
sars and N = 50 TOAs. Signal-to-noise ratio SNR ~ 10. b) Experimental plot of the two-point comrelation
function. Moving average by 2-5 pomts were applied. Correlation coefficient between theoretical curve
(solid line) and experimental points p = 0.82 £0.07
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FIGURE 2. a) Results of the numerical simulation of the two-point correlation function for M =6 pul-
sars and N = 50 TOAs. Signal-to-noise ratio SNR ~ 10. b) Experimental plot of the two-point comrelation
function. Moving average by 2-5 pomts were applied. Correlation coefficient between theoretical curve
(solid line) and experimental points p =0.82 £0.07
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Computed using methods from Demorest PhD (2007):

Accounts for GW power remaoved by timing fit.
Assumes/optimized for -2/3 power law GW spectrum
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FIGURE 2. 2a) Results of the numerical simulation of the two-point correlation function for M =6 pul-
sars and N = 50 TOAs. Signal-to-noise ratio SNR ~ 10. b) Experimental plot of the two-point comrelation
fimction. Moving average by 2-5 pomts were applied. Correlation coefficient between theoretical curve
(solid line) and experimental points p =0.82 =0.07
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Thank you to Manuela Campanelli. Carios O. Lousto. Hiroyuki Nakano. and Yosef Jlochower

for waveforms. Phys Rev.D79:084010 {2009]}. hitp-/ccrg.nt edu/downicads/waveforms
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Maximum Entropy based on Summerscales, Burrows, Finn and Ott 2008
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Hesidual (1 &)

2 10° solar mass black holes flying by each other

with a separation of 40 Schwarzschild Radii.

Distance: 100 Mpc
30 IPTA pulsars
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2 10° solar mass black holes flying by each other

with a separation of 40 Schwarzschild Radii.

Distance: 100 Mpc
30 IPTA pulsars
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Ajcra®t Radar Interference
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hank you to Manuela Campanelli. Caries O. Lousto. Hiroyuki Nakano. and Yosef Jaochower
for waveforms. Phys Rev D79:084010 (2009). hitp-/ccrg.nt eduidownicads/waveforms
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FIGURE 2. a) Resuits of the numencal simulation of the two-pomt correlation function for M =6 pul-
sars and N = 50 TOAs. Signal-to-noise ratio SNR ~ 10. b) Experimental plot of the two-point comrelation
function. Moving average by 2-5 pomts were applied. Correlation coefficent between theoretical curve
(sohd line) and expermmentai pomts p = 0.82 =0.07
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odx’ dx® dx’ dx" . i
—~| =@, ————F———h |LX)
dAi ) T dA dA dA dA

-k n™ N
t=drh——2— | din’n"h (tl1).X(A)
di = Y, I w(1(2).%(2))

. . i B
esidual=e n'n
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§,

here h ,(1.X) = by f'( - k- X)e and L is the distance to the pulsar
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