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GW
!detectors!listen!–!radio!telescope!also...!
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quasi-sta3onary!tests!

system
!provides!(also)!a!

radia3ve!test!

U
sing!radio!astronom

y!
(Fig.!by!N

.!W
ex)!
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• Introduc3on!
• Pulsars!&

!binaries:!tes3ng!GR!and!its!alterna3ves!
• Pulsar!Tim

ing!Arrays!(PTAs):!detec3ng!GW
s!

• Event!Horizon!Telescope/BlackHoleCam
:!im

aging!a!BH!
• Conclusions!



P
u
ls
a
r
s
…
(

• 
…
alm

ost!black!holes!

• 
…
objects!of!extrem

e!m
aYer:!

– 10!x!nuclear!density!

– B!~!B
cr !=!4.4!x!10

9!Tesla!

– Electr.!fields!~!10
12!Volt!

– F
EM !=!10

11F
gravita3on!

– high-tem
perature!superfluid!superconductor!

– Very!stable!rotators!

– Excellent!clocks!!



TO
A!

Residual!

M
odel!

Fold!
Fold!

A
(s
im

p
le
(a
n
d
(c
le
a
n
(e
x
p
e
r
im

e
n
t
:
(P
u
ls
a
r
(T
im

in
g(

Coherent!3m
ing!solu3on!about!1,000,000!m

ore!precise!than!Doppler!m
ethod!!

Pulsar!3m
ing!m

easures!arrival!3m
e!(TO

A):!
!

!
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o
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M
easure!(=3m

e!)!how
!a!pulsar!falls!as!a!test!m

ass!in!the!gravita3onal!poten3al!of!!a!
com

panion!(and!in!the!Galaxy)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!…

!a!clean!experim
ent!w

ith!very!high!precision!!

~
(2
5
0
0
((r
a
d
io
(p
u
ls
a
r
s
(

1.40!m
s!!(PSR!J1748-2446ad)!

8.50!s!!!!!(PSR!J2144-3933)!
!~
(1
0
%
((b
in
a
r
y
(p
u
ls
a
r
s
(

O
rbital(period(range(

94!m
in!!(PSR!J1311-3430)!

5.3!yr!!!(PSR!J1638-4725)!

Com
panions)

M
SS,!W

D,!N
S,!planets!

plus
(1
(D
o
u
b
le
(P
u
ls
a
r
,(

!!!!!!!(1
(P
S
R
K
W
D
K
W
D
(

s3ll!m
issing:!P

S
R
K
B
H
(

!((



H
ig
h
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r
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io
n
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e
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e
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e
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t
s
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(W

h
a
t
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(p
o
s
s
ib
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(t
o
d
a
y
…
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(S
p
in
(p
a
r
a
m
e
t
e
r
s
:
(

• 
Period:!

!5.757451924362137(2)!m
s!!(Verbiest!et!al.!2008)!!N

ote:!2!aYo!seconds!uncertainty!!
A
s
t
r
o
m
e
t
r
y
:
(

• 
Distance:!!!!!!!!!!!!!!!!

!!
!

!157(1)!pc
!

!
!(Verbiest!et!al.!2008)!

• 
Proper!m

o3on:!!
!

!!!!!
!140.915(1)!m

as/yr
!

!(Verbiest!e!t!al.!2008)!
O
r
b
it
a
l(p
a
r
a
m
e
t
e
r
s
:
(

• 
Period:!

!
!

!0.102251562479(8)!day!!!
!(Kram

er!et!al.!in!prep.)!
• 

Projected!sem
i-m

ajor!axis:
!

!31,656,123.76(15)!km
!!!!!!!

!(Freire!et!al.!2012)!!
• 

Eccentricity:
!

!
!3.5!(1.1)!×!10

−7
!

!(Freire!et!al.!2012)!
M
a
s
s
e
s
:
(

• 
M
asses!of!neutron!stars:!!!

!
!1.33816(2)!/!1.24891(2)!M

	 !!!!!!
!(Kram

er!et!al.!in!prep.)!
• 

M
ass!of!W

D!com
panion:!!!!!!!!!!!!!!!

!0.207(2)!M
	 !

!
!(Hotan!et!al.!2006)!

• 
M
ass!of!m

illisecond!pulsar:
!

!1.667(7)!M
	 !

!
!(Freire!et!al.!2012)!

• 
M
ain!sequence!star!com

panion:!
!1.029(3)!M

	
!

!
!(Freire!et!al.!2012)!

• 
M
ass!of!Jupiter!and!m

oons:!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!9.547921(2)!x!10
-4!M

	 !!!!!!!
!(Cham

pion!et!a.!2010)!
R
e
la
Q
v
is
Q
c
(e
ff
e
c
t
s
:
(

• 
Periastron!advance:!

!
!4.226598(5)!deg/yr

!
!(W

eisberg!et!al.!2010)!
• 

Einstein!delay:
!

!
!4.2992(8)!m

s!
!

!(W
eisberg!et!al.!2010)!

• 
O
rbital!GW

!dam
ping:!

!!!!!!!!!!!!!!!!!!!!!!!!7.152(1)!m
m
/day

!
!(Kram

er!et!al.!in!prep)!
F
u
n
d
a
m
e
n
t
a
l(c
o
n
s
t
a
n
t
s
:
(

• 
Change!in!(dG/dt)/G:!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(−0.6!±!1.1)!×!10

−12!yr −1!
!

!(Zhu!et!al.!2015)!
G
r
a
v
it
a
Q
o
n
a
l(w

a
v
e
(d
e
t
e
c
Q
o
n
:
(

• 
Change!in!rela3ve!distance:!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!100m

!/!1!lightyear!!!!!!!!!!!!!
!(EPTA,!N

AN
O
Grav,!!PPTA)!

!!
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(

Recycled!N
S!spin!periods?!

Am
ounts!of!m

ass!accreted?!

Pre-SN
!stellar!structure?!

Explosion,!N
S!m

ass,!kick?!

O
bserva3onal!proper3es?!
N
ew

!DN
S!discoveries?!

LIGO
/Virgo!m

erger!rates?!

M
e
r
g
e
r
(

D
o
u
b
le
(N
S
(

S
N
(

N
S
/
H
e
K
s
t
a
r
(R
L
O
(

Expect!exci3ng!synergies!w
ith!LSC!results.!
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• Introduc3on!
• Pulsars!&

!binaries:!tes3ng!GR!and!its!alterna3ves!
• Pulsar!Tim

ing!Arrays!(PTAs):!detec3ng!GW
s!

• Event!Horizon!Telescope/BlackHoleCam
:!im

aging!a!BH!
• Conclusions!
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s
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S
:
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u
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K
T
a
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r
(p
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a
r
((

H
ulse &

 Taylor (1975) 

 58.97 m
s 

 59.06 m
s 



C
o
m
p
a
r
is
o
n
(H
u
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e
K
T
a
y
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r
(v
s
(D
o
u
b
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(P
u
ls
a
r(

PSR!B1913+16!
PSR!J0737-3039A/B!

Sun!

PSR!B1913+16!

PSR!J0737
K3039A/B!

M
ore!com

pact…
!

…
!and!m

uch!closer!!



T
h
e
(D
o
u
b
le
(P
u
ls
a
r
((Burgay!et!al.!2003,!Lyne!et!al.!2004)!

• !O
ld!22-m

s!pulsar!in!!a!147-m
in!orbit!w

ith!young!2.77-s!pulsar!
• !O

rbital!veloci3es!of!1!M
ill.!km

/h!
• !Eclipsing!binary!in!com

pact,!slightly!eccentric!(e=0.088)!and!!edge-on!orbit!
• !Ideal!laboratory!for!gravita3onal!and!fundam

ental!physics!
• !In!par3cular,!exploita3on!for!tests!of!general!rela3vity!!
!!!!!!(Kram

er!et!al.!2006,!Breton!et!al.!2008,!Kram
er!et!al.!in!prep.,!W

ex!et!al.!in!prep.)!

Animation by McGill 

M
cG

ill(

Collaborators:!
C.!Bassa,!R.!Brenton,!M

.!Burgay,!!
I.!Cognard,!N

.,!G.!Desvignes,!
R.!Ferdm

an,!P.!Freire,!L.!Guillem
ot,!

G.!Hobbs,!G.!Janssen,!P.!Lazarus,!D.!
Lorim

er,!A.!Lyne,!R.!M
anchester,!!M

.!
M
cLaughlin,!B.!Perera,!A.!Possen3,!

J.!Reynolds,!J.!Sarkissian,!I.!Stairs,!!
B.!Stappers,!G.!Thereau,!!N

.!W
ex!

and!m
ore!!

!



• 
W
e!can!m

easure!tw
o!orbits!!

!m
ass!ra3o!

(4!x!larger!than!Hulse-Taylor)!
• 

Huge!orbital!precession!of!16.8991!±!0.0001!!deg/yr!!
!

Com
pare!to!M

ercury:!

R
⌘

x

B

x

A
=

m

A

m

B
=

1
.0714

±
0
.0011

&
!!!!!m

B =!(1.2489±0.0007)!M
"
!

m
A =!(1.3381±0.0007)!M

"
!

m
A! +!m

B =(2.58706±0.00001)!M
"
!

!̇
=

0.00012
deg/yr

Com
bined!(GR):!

N
ote:!theory-independent!to!1PN

!order!!
!!!!!!(Dam

our!&
!Deruelle!1986,!Dam

our!2005)!
!!

D
o
u
b
le
(P
u
ls
a
r
:
(a
(u
n
iq
u
e
(r
e
la
Q
v
is
Q
c
(d
o
u
b
le
K
lin

e
(s
y
s
t
e
m
(

dω
/dt=

3T
Sun 2/3

P
b

2π
!" #

$% &
−5/3

m
A
+
m

B
(

) 2/3

1−
e
2
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(P
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r
:
(fi
v
e
(t
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s
(in
(o
n
e
(s
y
s
t
e
m
!(

• 
Huge!orbital!precession!

• 
Clock!varia3on!due!to!gravita3onal!redshiu:!385.6!±!2.6!μs!!

-!As!other!clocks,!pulsars!run!slow
er!in!deep!gravita3onal!poten3als!

-!Changing!distance!to!com
panion!!(and!felt!grav.!poten3al)!during!ellip3cal!orbit!

O
bs.V

al.
E

xp
.(G

R
)

=
1.000

±
0.002



• 
Huge!orbital!precession!!

• 
Clock!varia3on!due!to!gravita3onal!redshiu!

• 
Shapiro!delay!in!edge-on!orbit:!!!s!=!sin(i)=0.99974!(-0.00039,+0.00016)!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

-!At!superior!conjunc3on,!pulses!from
!pulsar!A!pass!B!in!<10,000km

!distance!
-!Space-3m

e!near!com
panion!is!curved!!

Addi3onal!path!length!
!!!!!!!!!!

!Delay!in!arrival!3m
e!–!depending!on!geom

etry!and!com
panion!m

ass!

10,000km
!

i=88.7(+0.5,-0.8)!deg!

O
bs.V

al(r)
E

xp
.(G

R
)

=
0.98

±
0.02

O
bs

.V
al(s)

E
x
p
.(

G
R

)
=

1
.0000

±
0
.0005

D
o
u
b
le
(P
u
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a
r
:
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v
e
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e
s
t
s
(in
(o
n
e
(s
y
s
t
e
m
!(



• 
Huge!orbital!precession!

• 
Clock!varia3on!due!to!gravita3onal!redshif!

• 
Shapiro!delay!in!edge-on!orbit!

• 
Rela3vis3c!spin!precession:!!Ω

B =4.8(7)!deg!yr -1!
• 

Shrinkage!of!orbit!due!to!GW
!em

ission:!!ΔP
b =107.79!±!0.11!ns/day!!

!

D
o
u
b
le
(P
u
ls
a
r
:
(fi
v
e
(t
e
s
t
s
(in
(o
n
e
(s
y
s
t
e
m
!(

-!Pulsars!approach!each!other!by!
!!!!!!!!!!7.152!±!0.001!m

m
/day!!

!!!!-!M
erger!in!85!M

illion!years!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Anim

a3on!by!N
ASA/Rezzolla/AEI!

!Precision!w
ill!im

prove!w
ith!3m

e:!!!superseding!solar!system
!tests!soon!

O
bs.V

al
E

xp
.(G

R
)

=
1.0000

±
0.0002



M
e
e
r
K
A
T
(–
(fi
r
s
t
(s
t
e
p
(t
o
w
a
r
d
s
(S
K
A
(

It!w
ill!find!pulsars!–!and!w

ill!3m
e!all!Southern!ones!w

ith!unprecedented!sensi3vity!
• 

M
eerKAT!–!first!light!based!on!16!dishes!–!com

pleted!in!2017!
!!!!!!-!Increases!sensi3vity!in!Southern!hem

isphere!by!factor!~5!
!!!!!!-!M

ore!sensi3ve!than!Effelsberg!or!GBT!and!sim
ilar!to!VLA!

!!!!!!-!M
eerTim

e!(PI!Bailes,!TRAPU
M
!(PIs!Stappers/Kram

er)!
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Frequency band 
1.75 – 3.5 G

H
z  

P
olarisation 

D
ual 

D
igitzed band: 

1.75 – 3.5 G
H

z 

D
igitzer resolution 

12bits 
direct sam

pling 

B
andw

idth 
initially: 875 M

H
z 

Full:   1.750 M
H

z 

Tsys  
~20 K

 

• 
64!receivers!+!new

!data!transport!+!200!beam
s!beam

-
form

er!+!cluster!–!extended!to!400!beam
s!by!M

eerTRAP!
• 

Collabora3on!w
ith!U

M
AN

!&
!O
xford!

• 
M
ain!science!drivers:!

!!!!!!!!-!Pulsars:!searching!&
!3m

ing!
!!!!!!!!-!Transients!
• 

Funded!by!M
PG/M

PIfR!
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T
R
A
P
U
M
+
(
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X
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-12

-10 -8 -6 -4 -2 0 2 4 6 8 10 12

Y (kpc) • 
Deep!high!frequency!S-band!of!Galac3c!Plane!to!target!DN

S!&
!PSR-BH!

• 
Larger!gain!of!M

eerKAT!(~2!K/Jy)!offsets!decreased!flux!density!!
• 

Perfect!com
bina3on:!(here:!for!T

int !and!BW
!=!HTRU

-Low
Lat)!

N
orm

al)
M
SP)

• 
Avoiding!scaYering!to!probe!the!inner!Galaxy!

• 
>1500!new

!norm
al,!>!300!new

!M
SPs!–!op3m

is3c,!but!exci3ng...!
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Experim
ents!m

ade!in!Solar!System
!provide!precise!tests!for!this!effect!and!confirm

!it,!!
!!!e.g.!gyro-experim

ents!such!as!Gravity-Probe!B!!
!First!seen!for!stronglyself-gravita3ng!bodies!in!HT-Pulsar!(W

eisberg!et!al.!'89,!Kram
er’98)!and!

PSR!B1534+12!(Stairs!et!al.!'04,!Fonseca!et!al.!'15)!but!no!firm
!quan3ta3ve!test!un3l!DPSR...!!!
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Experim
ents!m

ade!in!Solar!System
!provide!precise!tests!for!this!effect!and!confirm

!it,!!
!!!e.g.!gyro-experim

ents!such!as!Gravity-Probe!B!!
!First!seen!for!stronglyself-gravita3ng!bodies!in!HT-Pulsar!(W

eisberg!et!al.!'89,!Kram
er’98)!and!

PSR!B1534+12!(Stairs!et!al.!'04,!Fonseca!et!al.!'15)!but!no!firm
!quan3ta3ve!test!un3l!DPSR...!!!
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Changes!to!the!pulse!shape!and!visibility!are!expected!(Ruffi
ni!&

!Dam
our!1974)!

!!

Kram
er!(2000)!

Kram
er!(1998,!2000,!2002,2003)!

See!also!change!of!am
plitude!ra3o!by!W

eisberg!et!al.!(1989)!
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(

Second!DN
S!also!show

ed!this!effect:!PSR!B1534+12!

• 
First!3m

e!to!m
easure!changing!geom

etry!from
!polariza3on!

• 
Com

bina3on!of!aberra3on!and!precession!effect!detected!
• 

First!aYem
pt!to!derive!quan3ta3ve!test!of!precession!rate!

Stairs!et!al.!(2000,!2004),!,!Fonseca!et!al.!(2015)!
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Changes!to!the!pulse!shape!and!visibility!are!expected!(Ruffi
ni!&

!Dam
our!1974)!

Seen!in!all!pulsars!w
here!w

e!expect!it!(Kram
er!2012)...!

!!!!!!!!!!!!!!!!!!!!!!!!P(m
s)!!!!!!!!!!!P

b (d)!!!!!!x(lt-s)!!!!!e!!!!!Ω
(º/yr)!

!!J0737-3039!!22.7/2770!!!!!0.10!!!1.42/1.51!!0.09!!!4.8/5.1!
B1534+12!!!!!!!!!!37.9!!!!!!!!!!!!0.42!!!!!3.73!!!!!!0.27!!!!!0.5!
J1518+4904!!!!!!40.9!!!!!!!!!!!!8.64!!!20.0!!!!!!!!0.25!!!!!!!-!
J1756-2251!!!!!!28.5!!!!!!!!!!!!!0.32!!!!!2.76!!!!!!0.18!!!!!0.76!
J1753-2240!!!!!!!95.1!!!!!!!!!!!13.63!!!18.1!!!!!!!!!0.30!!!!!!!-!!
J1811-1736!!!!!!104.2!!!!!!!!!!!18.8!!!!34.8!!!!!!!!!0.83!!!!!!-!
J1829+2456!!!!!!!41.0!!!!!!!!!!!!!1.18!!!!7.24!!!!!!!!0.14!!!!0.08!
J1906+0746!!!!!144.1!!!!!!!!!!!!!0.17!!!!!1.42!!!!!!!0.09!!!!!!2.2!
B1913+16!!!!!!!!!!!59.0!!!!!!!!!!!!0.33!!!!!2.34!!!!!!!!0.62!!!!!1.2!
B2127+11C!!!!!!!!!30.5!!!!!!!!!!!!0.34!!!!!2.52!!!!!!!!0.68!!!!!1.9!
J1141-6545!!!!!!!394.0!!!!!!!!!!!!0.20!!!!1.86!!!!!!!!0.17!!!!!!1.4!

DN
S!

PSR-W
D!

red=!!preecession!!observed!



• 
N
ot!seen!in!pulsar!A!!

!low
!kick!supernova!form

ing!pulsar!B!(Ferdm
an!et!al.!2013)!

• 
But!seen!in!pulsar!B!in!tw

o!w
ays:!

!!!!!!!!-!pulsar!B!has!disappeared!in!M
arch!2008!(Perera!et!al.!2010)!

!!!!!!!!-!precession!changes!eclipse!paYern!(Breton!et!al.!2008)!
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Dec!2003!

N
ov!2007!

O
bs.V

al.
E

xp
.(G

R
)

=
0.93

±
0.13

Breton!et!al.!(2008)!
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-!fit!for!precession!rate!possible!
-!beam
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6
.A

veraged
polarization

profiles
and

PA
m

easurem
ents

of
PSR

J1906+
0746

for
a

set
of

13
averaged

profiles.To
im

prove
readabiliy,

only
the

phase
around

the
M

P
and

IP
is

displayed.T
he

w
eigthed

M
JD

of
the

averaged
profiles

are
w

ritten
in

the
upper-right

cornel
of

the
upper

panels.For
each

epoch,the
total

intensity
profile

I,the
linear

intensity
L

,and
the

circular
polarization

V
are

show
n

in
the

upper
panel

in
black,red

and
blue

colours,respectively.
In

the
low

er
panel,the

data
points

representthe
PA

ofthe
linear

polarization
and

the
red

curve
show

s
the

bestR
V

M
fitw

ith
the

results
reported

in
Table

2.T
he

arrow
s

indicate
the

fiducialpoints
of

the
R

V
M

,i.e.φ
0 .

M
N

R
A

S
0
0
0,1–11

(2016)

M
P!

IP!

N
ancay!
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Scalar-tensor!gravity!

Jordan-Fierz-Brans-Dicke!

Q
uadra3c!scalar-tensor!gravity!

(see!w
ork!by!Dam

our!&
!Esposito-Farese)!

M
assive!Brans-Dicke!

Einstein-Æ
ther!

Hořava!gravity!

Vector-tensor!gravity!

Bekenstein's!TeVeS!
TeVeS!&

!TeVeS-like!theories!

TeVeS-like!
PSR!J1738+0338!
(Freire!et!al.!2012)!

PSR-W
Ds,!PSR!J1738+0338,!PSR!J0348+0432!

(Freire!et!al.!2012,!Antoniadis!et!al.!'13)!

PSR!J1141-6545!
(Alsing!et!al.!2012)!

Various!binary!pulsars!
(Yagi!et!al.!2014)!

Double!Pulsar!
(Kram

er!et!al.!in!prep,!W
ex!et!al.,!in!prep)!

PSR!J1738+0338,!PSR!J0348+0432!
(Freire!et!al.!2012,!Antoniadis!et!al.!'13)!



B
ekenstein’s T

eV
eS and the D

ouble Pulsar!

➜
 S

calar-vector-tensor theory w
ith  

 aquadratic kinetic term
 and 

  
 disform

al coupling 
 

 S
calar coupling strength  

[ K
ram

er et al., in prep.;  W
ex, Esposito-Farèse et al., in prep. ]

It
(d
o
e
s
n
't
(p
a
s
s
.(
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Testing gravity
31

[ A
ntoniadis et al. 2013 ] 
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~ 0 in D
ouble P

ulsar
since 

Hence,!visible!in!orbital!decay:!!
Testing gravity

31

[ A
ntoniadis et al. 2013 ] 
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~ 0 in D
ouble P

ulsar
since 

U
nlike!GR,!m

ost!alterna3ve!theories!of!gravity!–!including!tensor-scalar!theories!–!
predict!!dipole!radia3on!that!dom

inates!the!energy!loss!of!the!orbital!dynam
ics:!
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U
nlike!GR,!m

ost!alterna3ve!theories!of!gravity!–!including!tensor-scalar!theories!–predict!!
other!radia3on!m

ul3poles!that!dom
inate!the!energy!loss!of!the!orbital!dynam

cis!(1.5!pN
):!

But!PSR!–!W
D!system

!also!effec3ve!lab!–!in!par3cular!if!PSR!is!m
assive!!

PSR-BH!system
!w
ould!be!best!as!BH!w

ould!have!zero!scalar!charge!
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For!different!bodies,!m
easurable!as!orbital!decay!from

!dipolar!radia3on:!



O
ptical spectroscopy

29

R
=

11.70
±
0.13

0.172
±

0.003
M

�

[ A
ntoniadis et al. 2013 ] 

F
igure

1.1:
F
inding

chart
for

P
S
R
J0348+

0432
from

the
S
D
S
S
navigate

online
tool

2

• 
PSR!J0348+0432:!!first!m

assive!N
S!in!rela3vis3c!orbit!(Lynch!et!al.!2013)!

• 
Com

bining!VLT,!Effelsberg,!Arecibo!&
!GBT!data,!new

!record!m
ass!m

easured:!!!!!!!!!!!
M
=2.01±0.04!M

"
! (Antoniadis!et!al.,!2013)!

!!
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ptical spectroscopy
29
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=
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±
0.13

0.172
±

0.003
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[ A
ntoniadis et al. 2013 ] 
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oyles et al. 2013, Lynch et al. 2013 ] 
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Effelsberg!
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• 
PSR!J0348+0432:!!first!m

assive!N
S!in!rela3vis3c!orbit!(Lynch!et!al.!2013)!

• 
Com

bining!VLT,!Effelsberg,!Arecibo!&
!GBT!data,!new

!record!m
ass!m

easured:!!!!!!!!!!!
M
=2.01±0.04!M

"
! (Antoniadis!et!al.,!2013)!

• 
Im

portant!for!probing!different!grav!fields!but!also!for!EoS!of!super-dense!m
aYer!

!!!!!!!

Com
bine!w

ith!
m
om

ent-of-iner3a!
from

!Double!Pulsar.!
!Are!they!born!
m
assive?!

See!earlier...!



• 
PSR!J0348+0432:!!first!m

assive!N
S!in!rela3vis3c!orbit!(Lynch!et!al.!2013)!

• 
Com

bining!VLT,!Effelsberg,!Arecibo!&
!GBT!data,!new

!record!m
ass!m

easured:!!!!!!!!!!!
M
=2.01±0.04!M

"
! (Antoniadis!et!al.,!2013)!
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Lim
its!beYer!than!solar!system

!lim
its!for!m

ost!of!the!param
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e.g.!in!fram
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ork!by!Dam
our!&

!Esposito-Farese:!
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N
ote:!

• !In!GR,!!α
0 !and!β

0 !=!0!
• !Jordan-Fierz-Brans-Dicke:!!
!!on!axis!of!β

0 =0!
!Double!Pulsar!closes!the!“gap”!
leu!by!PSR-W

D!system
s.!

!

Figure!by!Esposito-Farese!
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β
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W
ex!(priv.!com

m
.)!

PSR!J0348+0432!
(strong!field)!

Double!Pulsar!!
(strong!field)!
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Im
age:!T.!Tauris!

!(Pulsar-W
D)-W

D!system
:!P

b !=!1.6/327!days!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!M

!=!1.44/0.2/0.4!M
" !

• !Pulsar!and!inner!W
D!fall!in!external!field!of!!

!!!outer!W
D!

• !Expected!im
provem

ent!of!current!best!pulsar!!
!!!lim

it!~!10
4!!(see!Freire,!W

ex,!M
K!2013)!

Ransom
!et!al.!(2014)!
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• Introduc3on!
• Pulsars!&

!binaries:!tes3ng!GR!and!its!alterna3ves!
• Pulsar!Tim

ing!Arrays!(PTAs):!detec3ng!GW
s!

• Event!Horizon!Telescope/BlackHoleCam
:!im

aging!a!BH!
• Conclusions!



Pulse!arrival!3m
es!w

ill!be!affected!by!low
-frequency!!

gravita3onal!w
aves!–!correlated!across!sky!!

!In!a!!“Pulsar!Tim
ing!Array”!!(PTA)!pulsars!act!as!the!!

arm
s!of!a!cosm

ic!gravita3onal!w
ave!detector!

!!
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[ H
ellings &

 D
ow

ns 1983 ] 
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• 
!Earliest!signal!expected!from

!binary!super-m
assive!black!holes!in!early!!

!!!!!!!galaxy!evolu3on!(PTA!only!w
ay!to!detect!M

>10
7M

" !P
orb ~10-20yr)!

• 
!Am

plitude!depends!on!m
erger!rate,!galaxy!evolu3on!and!cosm

ology!but!could!

!!!!!!!be!detectable!(w
hen?!–!see!talks!by!Alberto,!Lindley,!Stas,!Vikram

!and!others....)!

Figure!by!Alberto!Sesana!
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¼
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alax

y.
S
0
3

recen
tly

su
g
g
ested

th
at

th
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p
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b
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d
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p
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u
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Variations in the pulse arrival times compared to h = 0 (residuals)

"Earth term"

"pulsar term"

w
here

t
is

tim
e,
!
is

the
opening

angle
betw

een
the

G
-w

ave
source

and
the

pulsar
relative

to
E
arth,

 
is

the
G
-w

ave
polarization

angle,
and

the
‘‘+

’’
and

‘‘;’’
refer

to
the

tw
o

G
-w

ave
polarization

states.
T
he

functions
rþ

and
r; ,

referred
to

collectively
as

rþ
;; ,

are
related

to
the

G
-w

ave
strain

by

rþ
;; (t)¼

r
eþ
;; (t)#

r
pþ
;; (t);

ð2Þ

r
eþ
;; (t)¼

Z
t

0

h
eþ
;; (")d";

ð3Þ

r
pþ
;; (t)¼

Z
t

0

h
pþ
;;
"
#

dc
1#

cos
!

ð
Þ

!
"
d";

ð4Þ

w
here

h
eþ
;; (t)

is
the

G
-w

ave
strain

at
E
arth,

h
pþ
;; (t)

is
the

gravitational
w
ave

strain
at
the

pulsar,"
is
the

tim
e
integration

variable,
d
is
the

distance
betw

een
E
arth

and
the

pulsar,
and

c
is

the
speed

of
light.

N
ote

that
the

pulsar
term

,
h
pþ
;; ,

is
eval-

uated
at

the
current

tim
e
m
inus

a
geom

etric
delay.

G
-w

aves
em

itted
by

a
system

in
a
circular

orbit
(i.e.,

zero
eccentricity)

w
ill

vary
sinusoidally

as
a
function

of
tim

e,
w
ith

a
frequency

given
by

tw
ice

the
orbitalfrequency.F

or
eccentric

system
s,
the

em
itted

w
aves

w
ill

contain
several

harm
onics

of
the

orbital
frequency.

T
he

second
harm

onic
w
ill

dom
inate

at
low

eccentricities,
w
hile

the
fundam

ental
(i.e.,

the
orbital)

frequency
w
ill

dom
inate

at
high

eccentricities.
In

general,
the

period
and

eccentricity
of

a
binary

system
w
ill

be
decreas-

ing
w
ith

tim
e,

because
the

system
is

radiating
aw

ay
energy

and
angular

m
om

entum
in

G
-w

aves.
H
ence,

the
frequencies

present
in

hþ
;; (t)

w
ill

vary
w
ith

tim
e.
S
ince

r
eþ
;;
and

r
pþ
;;
m
ay

be
generated

by
hþ

;; (t)
at

epochs
separated

by
an

extrem
ely

long
tim

e
interval,

the
frequency

content
of

these
term

s
m
ay

differ
signifi

cantly.
T
he

G
-w

ave
strain,

h(t),induced
by

a
black

hole
binary

can
be

calculated
using

the
standard

w
eak-fi

eld
approxim

ation
applied

to
tw

o
orbiting

point
m
asses

(W
ahlquist

1987).
T
he

expected
residuals

are
found

by
integrating

h(t)
w
ith

respectto
tim

e
(see

eqs.
[2]–

[4]):

r
eþ
(t)¼

#
(t)

A
(t)cos

(2$
)#

B
(t)sin

(2$
)

½
';

ð5Þ

r
e; (t)¼

#
(t)

A
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(2$
)þ

B
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(2$
)

½
';

ð6Þ

#
(t)¼

M
5=3
c

D
!
1=3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1#

e(t) 2
p

1þ
e(t)cos

%(t)
½

' ;
ð7Þ

w
here

D
is

the
distance

to
the

source,
$
is

the
orientation

of
the

line
of

nodes
on

the
sky,!

(t)
is
the

orbital
frequency,

e(t)
is

the
eccentricity,

%(t)
is

the
orbital

phase,
and

M
c
is

the
‘‘chirp

m
ass,’’

defi
ned

as

M
c ¼

M
t

m
1 m

2

M
2t

$
%

3=5;
ð8Þ

w
here

M
t ¼

m
1 þ

m
2
and

m
1
and

m
2
are

the
m
asses

of
the

individualblack
holes.N

ote
thatallunits

from
equation

(5)
on

are
in

‘‘geom
etrized’’

units, 5
w
here

G
¼

c¼
1.

A
(t)

and
B
(t)

are
given

by

A
(t)¼

2e(t)sin
%(t)
½

'
cos

%(t)#
%
n

½
' 2#

cos
i½' 2

sin
%(t)#

%
n

½
' 2

n
o

#
12
sin

2
%(t)#

%
n

½
'

f
gf 1þ

e(t)cos½%(t)'g
3þ

cos
2i
ð

Þ
½

';ð9Þ

B
(t)¼

2
cos

i
cos

2
%(t)#

%
n

½
'

f
g þ

e(t)cos½%(t)#
2%

n '
ð

Þ;
ð10Þ

w
here

iand
%
n
are

the
orbitalinclination

angle
and

the
value

of
%
at

the
line

of
nodes,

respectively
(W

ahlquist
1987).

V
alues

for
%(t)

and
e(t)

are
given

by
the

coupled
differential

equations
(W

ahlquist
1987;

P
eters

1964)

d%dt ¼
!
(t)

1þ
e(t)cos

%(t)
½

'
f

g
2

1#
e
tðÞ
2

h
i
3=2

;
ð11Þ

dedt ¼
#

304

15
M

5=3
c
!
8=3
0
&
#
4

0

e
tðÞ #

29=19
1#

e
tðÞ
2

h
i
3=2

1þ
121=304
ð

Þe
tðÞ
2

h
i
1181=2299

;ð12Þ

w
here

!
0
is

the
initial

value
of
!
(t)

and
&
0
is

a
constant

that
depends

on
the

initial
eccentricity

e
0 :

&
0 ¼

1#
e
20

&
'e #

12=19
0

1þ
121

304
e
20

!
"
#
870=2299:

ð13Þ

H
ere

!
(t)

is
given

by

!
(t)¼

a
0 e

tðÞ #
18=19

1#
e
tðÞ
2

h
i
3=2

1þ
121

304
e
tðÞ
2

!
"
#
1305=2299;ð14Þ

w
here

a
0
is
determ

ined
by

the
initial

condition
!
(t¼

0)¼
!
0 .

T
he

above
equations

are
accurate

to
fi
rstorder

in
v=c

and
valid

only
w
hen

both
e(t)

and
!
(t)

vary
slow

ly
w
ith

tim
e.

T
he

expressions
forr

pþ
;;
are

identicalto
those

forr
eþ
;; .N

ote
thatr

pþ
;;

is
evaluated

at
an

earlier
tim

e
than

r
eþ
;;
(see

eqs.[3]
and

[4]).

3.
A
P
P
L
IC
A
T
IO

N
T
O

3C
66B

S
03

suggest
the

presence
of

a
1:3

;
10

10M
(
black

hole
bi-

nary
in

the
radio

galaxy
3C

66B
.T

heir
V
L
B
I
m
easurem

ents
at

both
8.4

and
2.3

G
H
z
show

the
elliptical

m
otion

of
a
radio

core
w
ith

a
period

of
1:05

)
0:03

yr
at
epoch

2002.N
orm

ally,
this

m
otion

w
ould

be
attributed

to
the

precession
of

a
jet

(e.g.,
K
atz

1997),
but

in
this

case,
S
03

argue
that

the
observed

m
otion

is
due

to
the

orbit
of

the
jet’s

source,
a
superm

assive
black

hole,
around

a
superm

assive
black

hole
com

panion.
C
oncerning

these
claim

s,
w
e
note

several
issues.

F
irst,

only
a

single
orbit

is
observed,

i.e.,
the

elliptical
m
otion

has
not

yet
been

show
n
to

be
repeatable.

S
econd,

S
03

do
not

address
the

possibility
that

the
observed

elliptical
m
otion,

w
hich

is
per-

ilously
close

to
having

a
1
yr

period,
is
som

ehow
the

result
of

the
E
arth’s

m
otion

around
the

S
un.T

hird,they
suggestthatthe

system
w
illm

erge
in

about5
yr.H

ence,the
a
prioriprobability

that
w
e
have

‘‘caught’’
such

a
system

in
the

act
of

coalescence
is
very

low
.N

onetheless,the
proposed

system
w
ould

generate
5
In

geom
etrized

units,
m
ass

and
distance

are
in

units
of

tim
e.
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-> short wavelength approximation

[ Detweiler 1979, Jenet et al. 2004 ]
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Variations in the pulse arrival times compared to h = 0 (residuals)

"Earth term"

"pulsar term"

w
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t
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tim
e,
!
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the
opening
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een
the

G
-w

ave
source

and
the

pulsar
relative

to
E
arth,

 
is

the
G
-w

ave
polarization

angle,
and

the
‘‘+

’’
and

‘‘;’’
refer

to
the

tw
o

G
-w

ave
polarization

states.
T
he

functions
rþ

and
r; ,

referred
to

collectively
as

rþ
;; ,

are
related

to
the

G
-w

ave
strain

by

rþ
;; (t)¼
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eþ
;; (t)#

r
pþ
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eþ
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t
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!
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w
here

h
eþ
;; (t)

is
the

G
-w

ave
strain

at
E
arth,

h
pþ
;; (t)

is
the

gravitational
w
ave

strain
at
the

pulsar,"
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the

tim
e
integration

variable,
d
is
the

distance
betw

een
E
arth

and
the

pulsar,
and

c
is

the
speed

of
light.

N
ote

that
the

pulsar
term

,
h
pþ
;; ,

is
eval-

uated
at

the
current

tim
e
m
inus

a
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etric
delay.

G
-w
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em

itted
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a
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a
circular

orbit
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zero
eccentricity)

w
ill

vary
sinusoidally
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a
function

of
tim

e,
w
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a
frequency

given
by
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ice
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orbitalfrequency.F

or
eccentric
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s,
the

em
itted

w
aves

w
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several
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onics

of
the

orbital
frequency.

T
he

second
harm

onic
w
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dom
inate

at
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eccentricities,
w
hile

the
fundam

ental
(i.e.,

the
orbital)

frequency
w
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inate

at
high

eccentricities.
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eccentricity
of

a
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be
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aw

ay
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angular

m
om
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differ
signifi

cantly.
T
he

G
-w

ave
strain,

h(t),induced
by

a
black

hole
binary

can
be

calculated
using

the
standard
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m
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(W
ahlquist

1987).
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expected
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integrating

h(t)
w
ith
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e
(see

eqs.
[2]–
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c
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equation
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and
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½
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w
here

iand
%
n
are

the
orbitalinclination

angle
and

the
value

of
%
at

the
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of
nodes,

respectively
(W

ahlquist
1987).

V
alues

for
%(t)

and
e(t)

are
given

by
the

coupled
differential

equations
(W

ahlquist
1987;

P
eters

1964)
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!
0
is

the
initial

value
of
!
(t)

and
&
0
is

a
constant

that
depends

on
the

initial
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w
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0 .

T
he

above
equations

are
accurate

to
fi
rstorder

in
v=c

and
valid

only
w
hen

both
e(t)

and
!
(t)

vary
slow

ly
w
ith

tim
e.

T
he

expressions
forr

pþ
;;
are

identicalto
those

forr
eþ
;; .N

ote
thatr

pþ
;;

is
evaluated

at
an

earlier
tim

e
than

r
eþ
;;
(see

eqs.[3]
and

[4]).
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Variations in the pulse arrival times compared to h = 0 (residuals)

"Earth term"

"pulsar term"
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tim

e
interval,

the
frequency

content
of

these
term

s
m
ay

differ
signifi

cantly.
T
he

G
-w

ave
strain,

h(t),induced
by

a
black

hole
binary

can
be

calculated
using

the
standard

w
eak-fi

eld
approxim

ation
applied

to
tw

o
orbiting

point
m
asses

(W
ahlquist

1987).
T
he

expected
residuals

are
found

by
integrating

h(t)
w
ith

respectto
tim

e
(see

eqs.
[2]–

[4]):

r
eþ
(t)¼

#
(t)

A
(t)cos

(2$
)#

B
(t)sin

(2$
)

½
';

ð5Þ

r
e; (t)¼

#
(t)

A
(t)sin

(2$
)þ

B
(t)cos

(2$
)

½
';

ð6Þ

#
(t)¼

M
5=3
c

D
!
1=3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1#

e(t) 2
p

1þ
e(t)cos

%(t)
½

' ;
ð7Þ

w
here

D
is

the
distance

to
the

source,
$
is

the
orientation

of
the

line
of

nodes
on

the
sky,!

(t)
is
the

orbital
frequency,

e(t)
is

the
eccentricity,

%(t)
is

the
orbital

phase,
and

M
c
is

the
‘‘chirp

m
ass,’’

defi
ned

as

M
c ¼

M
t

m
1 m

2

M
2t

$
%

3=5;
ð8Þ

w
here

M
t ¼

m
1 þ

m
2
and

m
1
and

m
2
are

the
m
asses

of
the

individualblack
holes.N

ote
thatallunits

from
equation

(5)
on

are
in

‘‘geom
etrized’’

units, 5
w
here

G
¼

c¼
1.

A
(t)

and
B
(t)

are
given

by

A
(t)¼

2e(t)sin
%(t)
½

'
cos

%(t)#
%
n

½
' 2#

cos
i½' 2

sin
%(t)#

%
n

½
' 2

n
o

#
12
sin

2
%(t)#

%
n

½
'

f
gf 1þ

e(t)cos½%(t)'g
3þ

cos
2i
ð

Þ
½

';ð9Þ

B
(t)¼

2
cos

i
cos

2
%(t)#

%
n

½
'

f
g þ

e(t)cos½%(t)#
2%

n '
ð

Þ;
ð10Þ

w
here

iand
%
n
are

the
orbitalinclination

angle
and

the
value

of
%
at

the
line

of
nodes,

respectively
(W

ahlquist
1987).

V
alues

for
%(t)

and
e(t)

are
given

by
the

coupled
differential

equations
(W

ahlquist
1987;

P
eters

1964)

d%dt ¼
!
(t)

1þ
e(t)cos

%(t)
½

'
f

g
2

1#
e
tðÞ
2

h
i
3=2

;
ð11Þ

dedt ¼
#

304

15
M

5=3
c
!
8=3
0
&
#
4

0

e
tðÞ #

29=19
1#

e
tðÞ
2

h
i
3=2

1þ
121=304
ð

Þe
tðÞ
2

h
i
1181=2299

;ð12Þ

w
here

!
0
is

the
initial

value
of
!
(t)

and
&
0
is

a
constant

that
depends

on
the

initial
eccentricity

e
0 :

&
0 ¼

1#
e
20

&
'e #

12=19
0

1þ
121

304
e
20

!
"
#
870=2299:

ð13Þ

H
ere

!
(t)

is
given

by

!
(t)¼

a
0 e

tðÞ #
18=19

1#
e
tðÞ
2

h
i
3=2

1þ
121

304
e
tðÞ
2

!
"
#
1305=2299;ð14Þ

w
here

a
0
is
determ

ined
by

the
initial

condition
!
(t¼

0)¼
!
0 .

T
he

above
equations

are
accurate

to
fi
rstorder

in
v=c

and
valid

only
w
hen

both
e(t)

and
!
(t)

vary
slow

ly
w
ith

tim
e.

T
he

expressions
forr

pþ
;;
are

identicalto
those

forr
eþ
;; .N

ote
thatr

pþ
;;

is
evaluated

at
an

earlier
tim

e
than

r
eþ
;;
(see

eqs.[3]
and

[4]).
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66B

S
03

suggest
the
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a
1:3

;
10

10M
(
black

hole
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the
radio
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3C

66B
.T

heir
V
L
B
I
m
easurem

ents
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both
8.4
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2.3

G
H
z
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the
elliptical

m
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of
a
radio
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w
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a
period
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1:05

)
0:03

yr
at
epoch

2002.N
orm

ally,
this

m
otion

w
ould

be
attributed

to
the

precession
of

a
jet

(e.g.,
K
atz

1997),
but

in
this

case,
S
03

argue
that

the
observed

m
otion

is
due

to
the

orbit
of

the
jet’s

source,
a
superm

assive
black

hole,
around

a
superm

assive
black

hole
com

panion.
C
oncerning

these
claim

s,
w
e
note

several
issues.

F
irst,

only
a

single
orbit

is
observed,

i.e.,
the

elliptical
m
otion

has
not

yet
been
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n
to

be
repeatable.

S
econd,

S
03

do
not

address
the

possibility
that

the
observed

elliptical
m
otion,

w
hich

is
per-
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close

to
having

a
1
yr

period,
is
som

ehow
the

result
of

the
E
arth’s

m
otion

around
the

S
un.T

hird,they
suggestthatthe

system
w
illm

erge
in

about5
yr.H

ence,the
a
prioriprobability

that
w
e
have

‘‘caught’’
such

a
system

in
the

act
of

coalescence
is
very

low
.N

onetheless,the
proposed

system
w
ould

generate
5
In

geom
etrized

units,
m
ass

and
distance

are
in

units
of

tim
e.
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-> short wavelength approximation

[ Detweiler 1979, Jenet et al. 2004 ]
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b
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d
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b
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p
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p
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p
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Variations in the pulse arrival times compared to h = 0 (residuals)

"Earth term"

"pulsar term"

w
here

t
is

tim
e,
!
is

the
opening

angle
betw

een
the

G
-w

ave
source

and
the

pulsar
relative

to
E
arth,

 
is

the
G
-w

ave
polarization

angle,
and

the
‘‘+

’’
and

‘‘;’’
refer

to
the

tw
o

G
-w

ave
polarization

states.
T
he

functions
rþ

and
r; ,

referred
to

collectively
as

rþ
;; ,

are
related

to
the

G
-w

ave
strain

by

rþ
;; (t)¼

r
eþ
;; (t)#

r
pþ
;; (t);

ð2Þ

r
eþ
;; (t)¼

Z
t

0

h
eþ
;; (")d";

ð3Þ

r
pþ
;; (t)¼

Z
t

0

h
pþ
;;
"
#

dc
1#

cos
!

ð
Þ

!
"
d";

ð4Þ

w
here

h
eþ
;; (t)

is
the

G
-w

ave
strain

at
E
arth,

h
pþ
;; (t)

is
the

gravitational
w
ave

strain
at
the

pulsar,"
is
the

tim
e
integration

variable,
d
is
the

distance
betw

een
E
arth

and
the

pulsar,
and

c
is

the
speed

of
light.

N
ote

that
the

pulsar
term

,
h
pþ
;; ,

is
eval-

uated
at

the
current

tim
e
m
inus

a
geom

etric
delay.

G
-w

aves
em

itted
by

a
system

in
a
circular

orbit
(i.e.,

zero
eccentricity)

w
ill

vary
sinusoidally

as
a
function

of
tim

e,
w
ith

a
frequency

given
by

tw
ice

the
orbitalfrequency.F

or
eccentric

system
s,
the

em
itted

w
aves

w
ill

contain
several

harm
onics

of
the

orbital
frequency.

T
he

second
harm

onic
w
ill

dom
inate

at
low

eccentricities,
w
hile

the
fundam

ental
(i.e.,

the
orbital)

frequency
w
ill

dom
inate

at
high

eccentricities.
In

general,
the

period
and

eccentricity
of

a
binary

system
w
ill

be
decreas-

ing
w
ith

tim
e,

because
the

system
is

radiating
aw

ay
energy

and
angular

m
om

entum
in

G
-w

aves.
H
ence,

the
frequencies

present
in

hþ
;; (t)

w
ill

vary
w
ith

tim
e.
S
ince

r
eþ
;;
and

r
pþ
;;
m
ay

be
generated

by
hþ

;; (t)
at

epochs
separated

by
an

extrem
ely

long
tim

e
interval,

the
frequency

content
of

these
term

s
m
ay

differ
signifi

cantly.
T
he

G
-w

ave
strain,

h(t),induced
by

a
black

hole
binary

can
be

calculated
using

the
standard

w
eak-fi

eld
approxim

ation
applied

to
tw

o
orbiting

point
m
asses

(W
ahlquist

1987).
T
he

expected
residuals

are
found

by
integrating

h(t)
w
ith

respectto
tim

e
(see

eqs.
[2]–

[4]):

r
eþ
(t)¼

#
(t)

A
(t)cos

(2$
)#

B
(t)sin

(2$
)

½
';

ð5Þ

r
e; (t)¼

#
(t)

A
(t)sin

(2$
)þ

B
(t)cos

(2$
)

½
';

ð6Þ

#
(t)¼

M
5=3
c

D
!
1=3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1#

e(t) 2
p

1þ
e(t)cos

%(t)
½

' ;
ð7Þ

w
here

D
is

the
distance

to
the

source,
$
is

the
orientation

of
the

line
of

nodes
on

the
sky,!

(t)
is
the

orbital
frequency,

e(t)
is

the
eccentricity,

%(t)
is

the
orbital

phase,
and

M
c
is

the
‘‘chirp

m
ass,’’

defi
ned

as

M
c ¼

M
t

m
1 m

2

M
2t

$
%

3=5;
ð8Þ

w
here

M
t ¼

m
1 þ

m
2
and

m
1
and

m
2
are

the
m
asses

of
the

individualblack
holes.N

ote
thatallunits

from
equation

(5)
on

are
in

‘‘geom
etrized’’

units, 5
w
here

G
¼

c¼
1.

A
(t)

and
B
(t)

are
given

by

A
(t)¼

2e(t)sin
%(t)
½

'
cos

%(t)#
%
n

½
' 2#

cos
i½' 2

sin
%(t)#

%
n

½
' 2

n
o

#
12
sin

2
%(t)#

%
n

½
'

f
gf 1þ

e(t)cos½%(t)'g
3þ

cos
2i
ð

Þ
½

';ð9Þ

B
(t)¼

2
cos

i
cos

2
%(t)#

%
n

½
'

f
g þ

e(t)cos½%(t)#
2%

n '
ð

Þ;
ð10Þ

w
here

iand
%
n
are

the
orbitalinclination

angle
and

the
value

of
%
at

the
line

of
nodes,

respectively
(W

ahlquist
1987).

V
alues

for
%(t)

and
e(t)

are
given

by
the

coupled
differential

equations
(W

ahlquist
1987;

P
eters

1964)

d%dt ¼
!
(t)

1þ
e(t)cos

%(t)
½

'
f

g
2

1#
e
tðÞ
2

h
i
3=2

;
ð11Þ

dedt ¼
#

304

15
M

5=3
c
!
8=3
0
&
#
4

0

e
tðÞ #

29=19
1#

e
tðÞ
2

h
i
3=2

1þ
121=304
ð

Þe
tðÞ
2

h
i
1181=2299

;ð12Þ

w
here

!
0
is

the
initial

value
of
!
(t)

and
&
0
is

a
constant

that
depends

on
the

initial
eccentricity

e
0 :

&
0 ¼

1#
e
20

&
'e #

12=19
0

1þ
121

304
e
20

!
"
#
870=2299:

ð13Þ

H
ere

!
(t)

is
given

by

!
(t)¼

a
0 e

tðÞ #
18=19

1#
e
tðÞ
2

h
i
3=2

1þ
121

304
e
tðÞ
2

!
"
#
1305=2299;ð14Þ

w
here

a
0
is
determ

ined
by

the
initial

condition
!
(t¼

0)¼
!
0 .

T
he

above
equations

are
accurate

to
fi
rstorder

in
v=c

and
valid

only
w
hen

both
e(t)

and
!
(t)

vary
slow

ly
w
ith

tim
e.

T
he

expressions
forr

pþ
;;
are

identicalto
those

forr
eþ
;; .N

ote
thatr

pþ
;;

is
evaluated

at
an

earlier
tim

e
than

r
eþ
;;
(see

eqs.[3]
and

[4]).

3.
A
P
P
L
IC
A
T
IO

N
T
O

3C
66B

S
03

suggest
the

presence
of

a
1:3

;
10

10M
(
black

hole
bi-

nary
in

the
radio

galaxy
3C

66B
.T

heir
V
L
B
I
m
easurem

ents
at

both
8.4

and
2.3

G
H
z
show

the
elliptical

m
otion

of
a
radio

core
w
ith

a
period

of
1:05

)
0:03

yr
at
epoch

2002.N
orm

ally,
this

m
otion

w
ould

be
attributed

to
the

precession
of

a
jet

(e.g.,
K
atz

1997),
but

in
this

case,
S
03

argue
that

the
observed

m
otion

is
due

to
the

orbit
of

the
jet’s

source,
a
superm

assive
black

hole,
around

a
superm

assive
black

hole
com

panion.
C
oncerning

these
claim

s,
w
e
note

several
issues.

F
irst,

only
a

single
orbit

is
observed,

i.e.,
the

elliptical
m
otion

has
not

yet
been

show
n
to

be
repeatable.

S
econd,

S
03

do
not

address
the

possibility
that

the
observed

elliptical
m
otion,

w
hich

is
per-

ilously
close

to
having

a
1
yr

period,
is
som

ehow
the

result
of

the
E
arth’s

m
otion

around
the

S
un.T

hird,they
suggestthatthe

system
w
illm

erge
in

about5
yr.H

ence,the
a
prioriprobability

that
w
e
have

‘‘caught’’
such

a
system

in
the

act
of

coalescence
is
very

low
.N

onetheless,the
proposed

system
w
ould

generate
5
In

geom
etrized

units,
m
ass

and
distance

are
in

units
of

tim
e.

JE
N
E
T
E
T
A
L
.

800
V
ol.

606

�
=

�
0
+
⌫
0 (t�

t0 )
+

12
⌫̇
0 (t�

t0 )
2

a priori unknown

c
T
o
b
s ⇠

�
⌧

d
-> short wavelength approximation

[ Detweiler 1979, Jenet et al. 2004 ]
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Like!in!binary!pulsars,!GW
!dam

ping!w
ill!cause!the!BH!binary!to!shrink,!leading!to!

increase!in!GW
!frequency.!For!a!circular!orbit!one!has:!

!
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Evolving single source

42

Like in binary pulsars, gravitational wave damping will cause the black-hole binary to shrink, and 
consequently lead to an increase in the gravitational wave frequency. For a circular orbit one has

->!
frequency evolution during T

obs  generally negligible, but some sources could have a significant
!

frequency evolution between pulsar term and Earth term. 
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Example: pulsar at 1.4 kpc distance and a SM
BH binary (m
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2 =10
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⊙ ) in the Virgo cluster
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Like in binary pulsars, gravitational wave damping will cause the black-hole binary to shrink, and 
consequently lead to an increase in the gravitational wave frequency. For a circular orbit one has

->!
frequency evolution during T

obs  generally negligible, but some sources could have a significant
!

frequency evolution between pulsar term and Earth term. 
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For!an!isotropic,!stochas3c!GW
!background!(GW

B)!of!cosm
ological!(or!astro-!

physical)!origin!(e.g.!M
aggiore!2000):!

!w
ith:!!

!!

2
L.Lentatietal.

2.3m
s

over
the

course
of

30
yr,by

exploiting
the

high
precision

w
ith

w
hich

the
tim

e
ofarrival(TO

A
)ofelectrom

agnetic
radiation

from
pulsars

can
be

m
easured,deviations

from
general

relativity
have

been
constrained

by
this

system
to

be
less

than
0.3%

(W
eis-

berg,N
ice

&
Taylor2010).

Since
then,

observations
of

the
double-pulsar,

PSR
J0737�

3039,
have

provided
even

greater
constraints,

placing
lim

its
on

deviations
from

general
relativity

of
less

than
0.05%

(K
ram

er
et

al.
(2006),

K
ram

er
et

al.
in

prep.).
It

is
this

extraor-
dinary

precision
thatalso

m
akes

pulsar
tim

ing
one

possible
route

tow
ards

the
directdetection

ofG
W

s,w
hich

rem
ains

a
key

goalin
experim

entalastrophysics.
Fora

detailed
review

ofpulsartim
ing

w
e

referto
Lorim

er&
K

ram
er

(2005).In
general,one

com
putes

the
di↵erence

betw
een

the
expected

arrival
tim

e
of

a
pulse,

given
by

a
pulsar’s

tim
ing

m
odelw

hich
characterisesthe

propertiesofthe
pulsar’sorbitalm

o-
tion,as

w
ellas

its
tim

ing
properties

such
as

its
spin

frequency,and
the

actualarrivaltim
e.The

residuals
from

this
fitthen

carry
phys-

icalinform
ation

aboutthe
unm

odelled
e↵ects

in
the

pulse
propa-

gation,including
those

due
to

G
W

s
(e.g.Sazhin

1978;D
etw

eiler
1979).Individualpulsars

have,forseveraldecades,been
used

to
set

lim
its

on
the

am
plitude

of
gravitationalradiation

from
a

range
of

sources
(e.g.

K
aspi,

Taylor
&

R
yba

1994).
H

ow
ever,

by
using

a
collection

of
m

illisecond
pulsars,know

n
as

a
pulsar

tim
ing

array
(PTA

,Foster
&

B
acker

1990),one
can

both
increase

the
signal-

to-noise
ratio

of
the

e↵ectof
gravitationalradiation

in
the

tim
ing

residuals,and
use

the
expected

form
forthe

crosscorrelation
ofthe

signalbetw
een

pulsarsin
the

array
to

discrim
inate

betw
een

the
G

W
signalofinterest,and

othersourcesofnoise
in

the
data,such

asthe
intrinsic

spin-noise
due

to
rotationalirregularities

(e.g.Shannon
&

C
ordes2010),ordelaysin

the
pulse

arrivaltim
e

due
to

propagation
through

the
interstellarm

edium
(e.g.K

eith
etal.2013).In

the
spe-

cific
case

ofan
isotropic

stochastic
gravitational-w

ave
background

(G
W

B
),w

hich
is

the
focus

ofthis
paper,this

correlation
is

know
n

as
the

‘H
ellings-D

ow
ns’

curve
(H

ellings
&

D
ow

ns
1983),and

is
only

a
function

ofthe
angularseparation

ofpairs
ofpulsars

in
the

array.The
low

est
frequency

to
w

hich
a

particular
pulsar

tim
ing

datasetw
illbe

sensitive
is

setby
the

totalobserving
span

for
that

dataset.Sensitivity
to

frequencies
low

er
than

this
is

significantly
decreased

due
to

the
necessity

offitting
a

quadratic
function

in
the

pulsartim
ing

m
odeldescribing

itsspin
dow

n.PTA
datasetsare

now
entering

the
regim

e
w

here
observations

span
decades,and

as
such

are
m

ostsensitive
to

G
W

sin
the

range
10 �

9�
10 �

8H
z.The

prim
ary

G
W

sourcesin
thisband

are
thoughtto

be
superm

assive
black

hole
binaries

(SM
B

H
B

s)
(R

ajagopal
&

R
om

ani
1995;

Ja↵e
&

B
acker

2003;W
yithe

&
Loeb

2003;Sesana
etal.2004;Sesana,Vecchio

&
C

olacino
2008),how

ever
other

sources
such

as
cosm

ic
strings

(see,e.g.V
ilenkin

1981;V
ilenkin

&
Shellard

1994)orrelics
from

inflation
(see,e.g.G

rishchuk
2005)have

also
been

suggested.
The

form
ation

ofSM
B

H
B

s
is

a
directconsequence

ofthe
hi-

erarchicalstructure
form

ation
paradigm

.There
is

strong
evidence

thatSM
B

H
sare

com
m

on
in

the
nucleiofnearby

galaxies(see
K

or-
m

endy
&

H
o

2013,and
referencestherein).The

factthatm
any

dis-
tantgalaxiesharbouractive

nucleifora
shortperiod

oftheirlife
im

-
pliesthatthey

w
ere

also
com

m
on

in
the

past.In
⇤

-C
old

D
ark

M
at-

ter(⇤
-C

D
M

)cosm
ology

m
odels

galaxies
m

erge
frequently

(Lacey
&

C
ole

1993).D
uring

a
galaxy

m
ergerthe

SM
B

H
sharboured

in
the

galactic
nucleiw

illsink
to

the
centerofthe

m
ergerrem

nant,even-
tually

form
ing

a
SM

B
H

B
(B

egelm
an,B

landford
&

R
ees1980).A

s
a

consequence
the

U
niverse

should
contain

a
potentially

large
num

-

berofgradually
in-spiralling

SM
B

H
B

s.The
incoherentsuperposi-

tion
of

G
W

s
from

these
binaries

is
expected

to
form

an
isotropic

stochastic
G

W
B

.D
eviationsfrom

isotropy,how
ever,such

asfrom
a

sm
allnum

berofbrightnearby
sources,could

resultin
individually

resolvable
system

s
(Lee

etal.2011),and
an

anisotropic
distribu-

tion
ofpow

eracross
the

sky
(M

ingarellietal.2013;Taylor&
G

air
2013;

G
air

et
al.2014).These

latter
situations

are
the

subject
of

tw
o

com
panion

papers(Tayloretal.in
prep.,B

abak
etal.in

prep.);
here

w
e

focus
on

the
possibility

ofdetecting
a

stochastic
isotropic

G
W

B
,and

w
e

w
illdiscuss

the
im

plications
ofourfindings

forthe
astrophysicsofSM

B
H

B
s,cosm

ic
strings,and

relicsfrom
inflation.

A
n

isotropic,stochastic
G

W
B

ofcosm
ologicalorastrophysi-

calorigin
can

be
described

in
term

s
ofits

G
W

energy
density

con-
tent
⇢

gw
perunitlogarithm

ic
frequency,divided

by
the

criticalen-
ergy

density,⇢
c ,to

close
the

U
niverse:

⌦
gw (f)

=
1⇢
c

d⇢
gw

d
ln

f
=

2⇡
2

3H
20

f
2h

2c (f).
(1)

H
ere,

f
is

the
G

W
frequency,

⇢
c
=

3H
20 /8⇡

is
the

criticalenergy
density

required
to

close
the

U
niverse,H

0
=

100
h

km
s �

1M
pc �

1is
the

H
ubble

expansion
rate,w

ith
h

the
dim

ensionlessH
ubble

param
-

eter,and
⇢

gw
is

the
totalenergy

density
in

G
W

s
(A

llen
&

R
om

ano
1999;M

aggiore
2000).

Typically
the

‘characteristic
strain’,h

c (f),associated
w

ith
a

G
W

B
energy

density
⌦

gw (f)isparam
etrised

asa
single

pow
er-law

forseveralbackgrounds
ofinterest:

h
c
=

A
 

f
yr �

1 !
↵

,
(2)

w
here

A
is

the
strain

am
plitude

at
a

characteristic
frequency

of
1yr �

1,and
↵

describes
the

slope
ofthe

spectrum
.Finally,h

c
is

di-
rectly

related
to

the
observable

quantity
induced

by
a

G
W

B
in

our
tim

ing
residuals,the

one-sided
pow

erspectraldensity,S
(f),given

by:

S
(f)
=

1
12⇡

2

1f
3 h

c (f) 2
=

A
2

12⇡
2

 
f

yr �
1 !�
�yr 3,

(3)

w
here

�
⌘

3�
2↵.

N
ote

that
unless

explicitly
stated

otherw
ise,

henceforth
w

hen
referring

to
spectralindices

w
e

w
illbe

referring
to

the
quantity

�.
The

expected
spectralindex

variesdepending
on

the
source

of
the

stochastic
background.For

a
G

W
B

resulting
from

inspiraling
SM

B
H

B
s

the
characteristic

strain
is

approxim
ately

h
c (f)/

f �
2/3

(R
ajagopal&

R
om

ani1995;Ja↵e
&

B
acker2003;W

yithe
&

Loeb
2003;Sesana

etal.2004),orequivalently,
�
=

13/3,w
hereas

pri-
m

ordialbackground
contributionsorcosm

ic
stringsare

expected
to

have
pow

er-law
indices

of
�
=

5
(G

rishchuk
2005),and

�
=

16/3
(Ö

lm
ez,M

andic
&

Siem
ens

2010;D
am

our
&

V
ilenkin

2005)
re-

spectively.H
ow

ever,forcosm
ic

strings
in

particular,a
single

spec-
tralindex

isnotexpected
to

accurately
describe

the
spectrum

in
the

PTA
frequency

band
(Sanidas,B

attye
&

Stappers
2012).

A
m

ultitude
of

experim
ents

have
setlim

its
on

the
am

plitude
of

the
stochastic

G
W

B
,either

ata
reference

frequency
as

is
done

for
PTA

s
(Shannon

et
al.

2013)
and

ground-based
interferom

e-
ters

(A
asietal.2014),orby

reporting
a

value
forG

W
energy

den-
sity

integrated
over

all
frequencies

as
is

done
by

B
ig

B
ang

N
u-

cleosynthesis
m

easurem
ents,e.g.(C

yburtetal.2005)and
C

osm
ic

M
icrow

ave
B

ackground
(C

M
B

)m
easurem

ents(Sm
ith,Pierpaoli&

K
am

ionkow
ski

2006;
Sendra

&
Sm

ith
2012).A

s
such,an

upper
lim

iton
the

stochastic
G

W
B

reported
in

term
s

ofeither
⌦

gw (f)h
2,

or
⌦

gw (f)fora
specified

value
ofh

provides
a

clearw
ay

to
report

ourlim
its.
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L.Lentatietal.

2.3m
s

over
the

course
of

30
yr,by

exploiting
the

high
precision

w
ith

w
hich

the
tim

e
ofarrival(TO

A
)ofelectrom

agnetic
radiation

from
pulsars

can
be

m
easured,deviations

from
general

relativity
have

been
constrained

by
this

system
to

be
less

than
0.3%

(W
eis-

berg,N
ice

&
Taylor2010).

Since
then,

observations
of

the
double-pulsar,

PSR
J0737�3039,

have
provided

even
greater

constraints,
placing

lim
its

on
deviations

from
general

relativity
of

less
than

0.05%
(K

ram
er

et
al.

(2006),
K

ram
er

et
al.

in
prep.).

It
is

this
extraor-

dinary
precision

thatalso
m

akes
pulsar

tim
ing

one
possible

route
tow

ards
the

directdetection
ofG

W
s,w

hich
rem

ains
a

key
goalin

experim
entalastrophysics.

Fora
detailed

review
ofpulsartim

ing
w

e
referto

Lorim
er&

K
ram

er
(2005).In

general,one
com

putes
the

di↵erence
betw

een
the

expected
arrival

tim
e

of
a

pulse,
given

by
a

pulsar’s
tim

ing
m

odelw
hich

characterisesthe
propertiesofthe

pulsar’sorbitalm
o-

tion,as
w

ellas
its

tim
ing

properties
such

as
its

spin
frequency,and

the
actualarrivaltim

e.The
residuals

from
this

fitthen
carry

phys-
icalinform

ation
aboutthe

unm
odelled

e↵ects
in

the
pulse

propa-
gation,including

those
due

to
G

W
s

(e.g.Sazhin
1978;D

etw
eiler

1979).Individualpulsars
have,forseveraldecades,been

used
to

set
lim

its
on

the
am

plitude
of

gravitationalradiation
from

a
range

of
sources

(e.g.K
aspi,Taylor

&
R

yba
1994).H

ow
ever,by

using
a

collection
of

m
illisecond

pulsars,know
n

as
a

pulsar
tim

ing
array

(PTA
,Foster

&
B

acker
1990),one

can
both

increase
the

signal-
to-noise

ratio
of

the
e↵ectof

gravitationalradiation
in

the
tim

ing
residuals,and

use
the

expected
form

forthe
crosscorrelation

ofthe
signalbetw

een
pulsarsin

the
array

to
discrim

inate
betw

een
the

G
W

signalofinterest,and
othersourcesofnoise

in
the

data,such
asthe

intrinsic
spin-noise

due
to

rotationalirregularities
(e.g.Shannon

&
C

ordes2010),ordelaysin
the

pulse
arrivaltim

e
due

to
propagation

through
the

interstellarm
edium

(e.g.K
eith

etal.2013).In
the

spe-
cific

case
ofan

isotropic
stochastic

gravitational-w
ave

background
(G

W
B

),w
hich

is
the

focus
ofthis

paper,this
correlation

is
know

n
as

the
‘H

ellings-D
ow

ns’
curve

(H
ellings

&
D

ow
ns

1983),and
is

only
a

function
ofthe

angularseparation
ofpairs

ofpulsars
in

the
array.The

low
est

frequency
to

w
hich

a
particular

pulsar
tim

ing
datasetw

illbe
sensitive

is
setby

the
totalobserving

span
for

that
dataset.Sensitivity

to
frequencies

low
er

than
this

is
significantly

decreased
due

to
the

necessity
offitting

a
quadratic

function
in

the
pulsartim

ing
m

odeldescribing
itsspin

dow
n.PTA

datasetsare
now

entering
the

regim
e

w
here

observations
span

decades,and
as

such
are

m
ostsensitive

to
G

W
sin

the
range

10 �9�
10 �8H

z.The
prim

ary
G

W
sourcesin

thisband
are

thoughtto
be

superm
assive

black
hole

binaries
(SM

B
H

B
s)

(R
ajagopal&

R
om

ani1995;Ja↵e
&

B
acker

2003;W
yithe

&
Loeb

2003;Sesana
etal.2004;Sesana,Vecchio

&
C

olacino
2008),how

ever
other

sources
such

as
cosm

ic
strings

(see,e.g.V
ilenkin

1981;V
ilenkin

&
Shellard

1994)orrelics
from

inflation
(see,e.g.G

rishchuk
2005)have

also
been

suggested.
The

form
ation

ofSM
B

H
B

s
is

a
directconsequence

ofthe
hi-

erarchicalstructure
form

ation
paradigm

.There
is

strong
evidence

thatSM
B

H
sare

com
m

on
in

the
nucleiofnearby

galaxies(see
K

or-
m

endy
&

H
o

2013,and
referencestherein).The

factthatm
any

dis-
tantgalaxiesharbouractive

nucleifora
shortperiod

oftheirlife
im

-
pliesthatthey

w
ere

also
com

m
on

in
the

past.In
⇤

-C
old

D
ark

M
at-

ter(⇤
-C

D
M

)cosm
ology

m
odelsgalaxiesm

erge
frequently

(Lacey
&

C
ole

1993).D
uring

a
galaxy

m
ergerthe

SM
B

H
sharboured

in
the

galactic
nucleiw

illsink
to

the
centerofthe

m
ergerrem

nant,even-
tually

form
ing

a
SM

B
H

B
(B

egelm
an,B

landford
&

R
ees1980).A

s
a

consequence
the

U
niverse

should
contain

a
potentially

large
num

-

berofgradually
in-spiralling

SM
B

H
B

s.The
incoherentsuperposi-

tion
of

G
W

s
from

these
binaries

is
expected

to
form

an
isotropic

stochastic
G

W
B

.D
eviationsfrom

isotropy,how
ever,such

asfrom
a

sm
allnum

berofbrightnearby
sources,could

resultin
individually

resolvable
system

s
(Lee

etal.2011),and
an

anisotropic
distribu-

tion
ofpow

eracross
the

sky
(M

ingarellietal.2013;Taylor&
G

air
2013;

G
air

et
al.2014).These

latter
situations

are
the

subject
of

tw
o

com
panion

papers(Tayloretal.in
prep.,B

abak
etal.in

prep.);
here

w
e

focus
on

the
possibility

ofdetecting
a

stochastic
isotropic

G
W

B
,and

w
e

w
illdiscuss

the
im

plications
ofourfindings

forthe
astrophysicsofSM

B
H

B
s,cosm

ic
strings,and

relicsfrom
inflation.

A
n

isotropic,stochastic
G

W
B

ofcosm
ologicalorastrophysi-

calorigin
can

be
described

in
term

s
ofits

G
W

energy
density

con-
tent
⇢

gw
perunitlogarithm

ic
frequency,divided

by
the

criticalen-
ergy

density,⇢
c ,to

close
the

U
niverse:

⌦
gw (f)

=
1⇢
c

d⇢
gw

d
ln

f
=

2⇡
2

3H
20

f 2h
2c (f).

(1)

H
ere,

f
is

the
G

W
frequency,

⇢
c
=

3H
20 /8⇡

is
the

criticalenergy
density

required
to

close
the

U
niverse,H

0
=

100
h

km
s �1M

pc �1is
the

H
ubble

expansion
rate,w

ith
h

the
dim

ensionlessH
ubble

param
-

eter,and
⇢

gw
is

the
totalenergy

density
in

G
W

s
(A

llen
&

R
om

ano
1999;M

aggiore
2000).

Typically
the

‘characteristic
strain’,h

c (f),associated
w

ith
a

G
W

B
energy

density
⌦

gw (f)isparam
etrised

asa
single

pow
er-law

forseveralbackgrounds
ofinterest:

h
c
=

A
 

f
yr �1 !

↵

,
(2)

w
here

A
is

the
strain

am
plitude

at
a

characteristic
frequency

of
1yr �1,and

↵
describes

the
slope

ofthe
spectrum

.Finally,h
c

is
di-

rectly
related

to
the

observable
quantity

induced
by

a
G

W
B

in
our

tim
ing

residuals,the
one-sided

pow
erspectraldensity,S

(f),given
by:

S
(f)
=

1
12⇡

2

1f 3 h
c (f) 2

=
A

2

12⇡
2

 
f

yr �1 !�
�yr 3,

(3)

w
here

�
⌘

3�
2↵.N

ote
that

unless
explicitly

stated
otherw

ise,
henceforth

w
hen

referring
to

spectralindices
w

e
w

illbe
referring

to
the

quantity
�.

The
expected

spectralindex
variesdepending

on
the

source
of

the
stochastic

background.For
a

G
W

B
resulting

from
inspiraling

SM
B

H
B

s
the

characteristic
strain

is
approxim

ately
h

c (f)/
f �2/3

(R
ajagopal&

R
om

ani1995;Ja↵e
&

B
acker2003;W

yithe
&

Loeb
2003;Sesana

etal.2004),orequivalently,
�
=

13/3,w
hereas

pri-
m

ordialbackground
contributionsorcosm

ic
stringsare

expected
to

have
pow

er-law
indices

of
�
=

5
(G

rishchuk
2005),and

�
=

16/3
(Ö

lm
ez,M

andic
&

Siem
ens

2010;D
am

our
&

V
ilenkin

2005)
re-

spectively.H
ow

ever,forcosm
ic

strings
in

particular,a
single

spec-
tralindex

isnotexpected
to

accurately
describe

the
spectrum

in
the

PTA
frequency

band
(Sanidas,B

attye
&

Stappers
2012).

A
m

ultitude
of

experim
ents

have
setlim

its
on

the
am

plitude
of

the
stochastic

G
W

B
,either

ata
reference

frequency
as

is
done

for
PTA

s
(Shannon

et
al.

2013)
and

ground-based
interferom

e-
ters

(A
asietal.2014),orby

reporting
a

value
forG

W
energy

den-
sity

integrated
over

all
frequencies

as
is

done
by

B
ig

B
ang

N
u-

cleosynthesis
m

easurem
ents,e.g.(C

yburtetal.2005)and
C

osm
ic

M
icrow

ave
B

ackground
(C

M
B

)m
easurem

ents(Sm
ith,Pierpaoli&

K
am

ionkow
ski

2006;
Sendra

&
Sm

ith
2012).A

s
such,an

upper
lim

iton
the

stochastic
G

W
B

reported
in

term
s

ofeither
⌦

gw (f)h
2,

or
⌦

gw (f)fora
specified

value
ofh

provides
a

clearw
ay

to
report

ourlim
its.
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2
L.Lentatietal.

2.3m
s

over
the

course
of

30
yr,by

exploiting
the

high
precision

w
ith

w
hich

the
tim

e
ofarrival(TO

A
)ofelectrom

agnetic
radiation

from
pulsars

can
be

m
easured,deviations

from
general

relativity
have

been
constrained

by
this

system
to

be
less

than
0.3%

(W
eis-

berg,N
ice

&
Taylor2010).

Since
then,

observations
of

the
double-pulsar,

PSR
J0737�

3039,
have

provided
even

greater
constraints,

placing
lim

its
on

deviations
from

general
relativity

of
less

than
0.05%

(K
ram

er
et

al.
(2006),

K
ram

er
et

al.
in

prep.).
It

is
this

extraor-
dinary

precision
thatalso

m
akes

pulsar
tim

ing
one

possible
route

tow
ards

the
directdetection

ofG
W

s,w
hich

rem
ains

a
key

goalin
experim

entalastrophysics.
Fora

detailed
review

ofpulsartim
ing

w
e

referto
Lorim

er&
K

ram
er

(2005).In
general,one

com
putes

the
di↵erence

betw
een

the
expected

arrival
tim

e
of

a
pulse,

given
by

a
pulsar’s

tim
ing

m
odelw

hich
characterisesthe

propertiesofthe
pulsar’sorbitalm

o-
tion,as

w
ellas

its
tim

ing
properties

such
as

its
spin

frequency,and
the

actualarrivaltim
e.The

residuals
from

this
fitthen

carry
phys-

icalinform
ation

aboutthe
unm

odelled
e↵ects

in
the

pulse
propa-

gation,including
those

due
to

G
W

s
(e.g.Sazhin

1978;D
etw

eiler
1979).Individualpulsars

have,forseveraldecades,been
used

to
set

lim
its

on
the

am
plitude

of
gravitationalradiation

from
a

range
of

sources
(e.g.K

aspi,Taylor
&

R
yba

1994).H
ow

ever,by
using

a
collection

of
m

illisecond
pulsars,know

n
as

a
pulsar

tim
ing

array
(PTA

,Foster
&

B
acker

1990),one
can

both
increase

the
signal-

to-noise
ratio

of
the

e↵ectof
gravitationalradiation

in
the

tim
ing

residuals,and
use

the
expected

form
forthe

crosscorrelation
ofthe

signalbetw
een

pulsarsin
the

array
to

discrim
inate

betw
een

the
G

W
signalofinterest,and

othersourcesofnoise
in

the
data,such

asthe
intrinsic

spin-noise
due

to
rotationalirregularities

(e.g.Shannon
&

C
ordes2010),ordelaysin

the
pulse

arrivaltim
e

due
to

propagation
through

the
interstellarm

edium
(e.g.K

eith
etal.2013).In

the
spe-

cific
case

ofan
isotropic

stochastic
gravitational-w

ave
background

(G
W

B
),w

hich
is

the
focus

ofthis
paper,this

correlation
is

know
n

as
the

‘H
ellings-D

ow
ns’

curve
(H

ellings
&

D
ow

ns
1983),and

is
only

a
function

ofthe
angularseparation

ofpairs
ofpulsars

in
the

array.The
low

est
frequency

to
w

hich
a

particular
pulsar

tim
ing

datasetw
illbe

sensitive
is

setby
the

totalobserving
span

for
that

dataset.Sensitivity
to

frequencies
low

er
than

this
is

significantly
decreased

due
to

the
necessity

offitting
a

quadratic
function

in
the

pulsartim
ing

m
odeldescribing

itsspin
dow

n.PTA
datasetsare

now
entering

the
regim

e
w

here
observations

span
decades,and

as
such

are
m

ostsensitive
to

G
W

sin
the

range
10 �

9�
10 �

8H
z.The

prim
ary

G
W

sourcesin
thisband

are
thoughtto

be
superm

assive
black

hole
binaries

(SM
B

H
B

s)
(R

ajagopal
&

R
om

ani
1995;

Ja↵e
&

B
acker

2003;W
yithe

&
Loeb

2003;Sesana
etal.2004;Sesana,Vecchio

&
C

olacino
2008),how

ever
other

sources
such

as
cosm

ic
strings

(see,e.g.V
ilenkin

1981;V
ilenkin

&
Shellard

1994)orrelics
from

inflation
(see,e.g.G

rishchuk
2005)have

also
been

suggested.
The

form
ation

ofSM
B

H
B

s
is

a
directconsequence

ofthe
hi-

erarchicalstructure
form

ation
paradigm

.There
is

strong
evidence

thatSM
B

H
sare

com
m

on
in

the
nucleiofnearby

galaxies(see
K

or-
m

endy
&

H
o

2013,and
referencestherein).The

factthatm
any

dis-
tantgalaxiesharbouractive

nucleifora
shortperiod

oftheirlife
im

-
pliesthatthey

w
ere

also
com

m
on

in
the

past.In
⇤

-C
old

D
ark

M
at-

ter(⇤
-C

D
M

)cosm
ology

m
odelsgalaxies

m
erge

frequently
(Lacey

&
C

ole
1993).D

uring
a

galaxy
m

ergerthe
SM

B
H

sharboured
in

the
galactic

nucleiw
illsink

to
the

centerofthe
m

ergerrem
nant,even-

tually
form

ing
a

SM
B

H
B

(B
egelm

an,B
landford

&
R

ees1980).A
s

a
consequence

the
U

niverse
should

contain
a

potentially
large

num
-

berofgradually
in-spiralling

SM
B

H
B

s.The
incoherentsuperposi-

tion
of

G
W

s
from

these
binaries

is
expected

to
form

an
isotropic

stochastic
G

W
B

.D
eviationsfrom

isotropy,how
ever,such

asfrom
a

sm
allnum

berofbrightnearby
sources,could

resultin
individually

resolvable
system

s
(Lee

etal.2011),and
an

anisotropic
distribu-

tion
ofpow

eracross
the

sky
(M

ingarellietal.2013;Taylor&
G

air
2013;

G
air

et
al.2014).These

latter
situations

are
the

subject
of

tw
o

com
panion

papers(Tayloretal.in
prep.,B

abak
etal.in

prep.);
here

w
e

focus
on

the
possibility

ofdetecting
a

stochastic
isotropic

G
W

B
,and

w
e

w
illdiscuss

the
im

plications
ofourfindings

forthe
astrophysicsofSM

B
H

B
s,cosm

ic
strings,and

relicsfrom
inflation.

A
n

isotropic,stochastic
G

W
B

ofcosm
ologicalorastrophysi-

calorigin
can

be
described

in
term

s
ofits

G
W

energy
density

con-
tent
⇢

gw
perunitlogarithm

ic
frequency,divided

by
the

criticalen-
ergy

density,⇢
c ,to

close
the

U
niverse:

⌦
gw (f)

=
1⇢
c

d⇢
gw

d
ln

f
=

2⇡
2

3H
20

f
2h

2c (f).
(1)

H
ere,

f
is

the
G

W
frequency,

⇢
c
=

3H
20 /8⇡

is
the

criticalenergy
density

required
to

close
the

U
niverse,H

0
=

100
h

km
s �

1M
pc �

1is
the

H
ubble

expansion
rate,w

ith
h

the
dim

ensionlessH
ubble

param
-

eter,and
⇢

gw
is

the
totalenergy

density
in

G
W

s
(A

llen
&

R
om

ano
1999;M

aggiore
2000).

Typically
the

‘characteristic
strain’,h

c (f),associated
w

ith
a

G
W

B
energy

density
⌦

gw (f)isparam
etrised

asa
single

pow
er-law

forseveralbackgrounds
ofinterest:

h
c
=

A
 

f
yr �

1 !
↵

,
(2)

w
here

A
is

the
strain

am
plitude

at
a

characteristic
frequency

of
1yr �

1,and
↵

describes
the

slope
ofthe

spectrum
.Finally,h

c
is

di-
rectly

related
to

the
observable

quantity
induced

by
a

G
W

B
in

our
tim

ing
residuals,the

one-sided
pow

erspectraldensity,S
(f),given

by:

S
(f)
=

1
12⇡

2

1f
3 h

c (f) 2
=

A
2

12⇡
2

 
f

yr �
1 !�
�yr 3,

(3)

w
here

�
⌘

3�
2↵.

N
ote

that
unless

explicitly
stated

otherw
ise,

henceforth
w

hen
referring

to
spectralindices

w
e

w
illbe

referring
to

the
quantity

�.
The

expected
spectralindex

variesdepending
on

the
source

of
the

stochastic
background.For

a
G

W
B

resulting
from

inspiraling
SM

B
H

B
s

the
characteristic

strain
is

approxim
ately

h
c (f)/

f �
2/3

(R
ajagopal&

R
om

ani1995;Ja↵e
&

B
acker2003;W

yithe
&

Loeb
2003;Sesana

etal.2004),orequivalently,
�
=

13/3,w
hereas

pri-
m

ordialbackground
contributionsorcosm

ic
stringsare

expected
to

have
pow

er-law
indices

of
�
=

5
(G

rishchuk
2005),and

�
=

16/3
(Ö

lm
ez,M

andic
&

Siem
ens

2010;D
am

our
&

V
ilenkin

2005)
re-

spectively.H
ow

ever,forcosm
ic

strings
in

particular,a
single

spec-
tralindex

isnotexpected
to

accurately
describe

the
spectrum

in
the

PTA
frequency

band
(Sanidas,B

attye
&

Stappers
2012).

A
m

ultitude
of

experim
ents

have
setlim

its
on

the
am

plitude
of

the
stochastic

G
W

B
,either

ata
reference

frequency
as

is
done

for
PTA

s
(Shannon

et
al.

2013)
and

ground-based
interferom

e-
ters

(A
asietal.2014),orby

reporting
a

value
forG

W
energy

den-
sity

integrated
over

all
frequencies

as
is

done
by

B
ig

B
ang

N
u-

cleosynthesis
m

easurem
ents,e.g.(C

yburtetal.2005)and
C

osm
ic

M
icrow

ave
B

ackground
(C

M
B

)m
easurem

ents(Sm
ith,Pierpaoli&

K
am

ionkow
ski

2006;
Sendra

&
Sm

ith
2012).A

s
such,an

upper
lim

iton
the

stochastic
G

W
B

reported
in

term
s

ofeither
⌦

gw (f)h
2,

or
⌦

gw (f)fora
specified

value
ofh

provides
a

clearw
ay

to
report

ourlim
its.

c�
0000

R
A

S,M
N

R
A

S
000,000–000

2
L.Lentatietal.

2.3m
s

over
the

course
of

30
yr,

by
exploiting

the
high

precision
w

ith
w

hich
the

tim
e

of
arrival(TO

A
)

of
electrom

agnetic
radiation

from
pulsars

can
be

m
easured,deviations

from
general

relativity
have

been
constrained

by
this

system
to

be
less

than
0.3%

(W
eis-

berg,N
ice

&
Taylor2010).

Since
then,

observations
of

the
double-pulsar,

PSR
J0737�

3039,
have

provided
even

greater
constraints,

placing
lim

its
on

deviations
from

general
relativity

of
less

than
0.05%

(K
ram

er
et

al.
(2006),

K
ram

er
et

al.
in

prep.).
It

is
this

extraor-
dinary

precision
thatalso

m
akes

pulsar
tim

ing
one

possible
route

tow
ards

the
directdetection

of
G

W
s,w

hich
rem

ains
a

key
goalin

experim
entalastrophysics.

For
a

detailed
review

of
pulsar

tim
ing

w
e

refer
to

Lorim
er

&
K

ram
er

(2005).In
general,one

com
putes

the
di↵erence

betw
een

the
expected

arrival
tim

e
of

a
pulse,

given
by

a
pulsar’s

tim
ing

m
odelw

hich
characterisesthe

propertiesofthe
pulsar’sorbitalm

o-
tion,as

w
ellas

its
tim

ing
properties

such
as

its
spin

frequency,and
the

actualarrivaltim
e.The

residuals
from

this
fitthen

carry
phys-

icalinform
ation

aboutthe
unm

odelled
e↵ects

in
the

pulse
propa-

gation,including
those

due
to

G
W

s
(e.g.Sazhin

1978;D
etw

eiler
1979).Individualpulsars

have,for
severaldecades,been

used
to

set
lim

its
on

the
am

plitude
of

gravitationalradiation
from

a
range

of
sources

(e.g.
K

aspi,
Taylor

&
R

yba
1994).

H
ow

ever,
by

using
a

collection
of

m
illisecond

pulsars,know
n

as
a

pulsar
tim

ing
array

(PTA
,

Foster
&

B
acker

1990),
one

can
both

increase
the

signal-
to-noise

ratio
of

the
e↵ectof

gravitationalradiation
in

the
tim

ing
residuals,and

use
the

expected
form

forthe
cross

correlation
ofthe

signalbetw
een

pulsarsin
the

array
to

discrim
inate

betw
een

the
G

W
signalofinterest,and

othersources
ofnoise

in
the

data,such
as

the
intrinsic

spin-noise
due

to
rotationalirregularities

(e.g.Shannon
&

C
ordes2010),ordelaysin

the
pulse

arrivaltim
e

due
to

propagation
through

the
interstellarm

edium
(e.g.K

eith
etal.2013).In

the
spe-

cific
case

ofan
isotropic

stochastic
gravitational-w

ave
background

(G
W

B
),w

hich
is

the
focus

ofthis
paper,this

correlation
is

know
n

as
the

‘H
ellings-D

ow
ns’

curve
(H

ellings
&

D
ow

ns
1983),and

is
only

a
function

of
the

angular
separation

of
pairs

of
pulsars

in
the

array.The
low

est
frequency

to
w

hich
a

particular
pulsar

tim
ing

datasetw
illbe

sensitive
is

setby
the

totalobserving
span

for
that

dataset.
Sensitivity

to
frequencies

low
er

than
this

is
significantly

decreased
due

to
the

necessity
offitting

a
quadratic

function
in

the
pulsartim

ing
m

odeldescribing
itsspin

dow
n.PTA

datasetsare
now

entering
the

regim
e

w
here

observations
span

decades,and
as

such
are

m
ostsensitive

to
G

W
sin

the
range

10 �
9�

10 �
8H

z.The
prim

ary
G

W
sources

in
this

band
are

thoughtto
be

superm
assive

black
hole

binaries
(SM

B
H

B
s)

(R
ajagopal

&
R

om
ani

1995;
Ja↵e

&
B

acker
2003;W

yithe
&

Loeb
2003;Sesana

etal.2004;Sesana,Vecchio
&

C
olacino

2008),how
ever

other
sources

such
as

cosm
ic

strings
(see,e.g.V

ilenkin
1981;V

ilenkin
&

Shellard
1994)orrelics

from
inflation

(see,e.g.G
rishchuk

2005)have
also

been
suggested.

The
form

ation
ofSM

B
H

B
s

is
a

directconsequence
ofthe

hi-
erarchicalstructure

form
ation

paradigm
.There

is
strong

evidence
thatSM

B
H

sare
com

m
on

in
the

nucleiofnearby
galaxies(see

K
or-

m
endy

&
H

o
2013,and

referencestherein).The
factthatm

any
dis-

tantgalaxiesharbouractive
nucleifora

shortperiod
oftheirlife

im
-

plies
thatthey

w
ere

also
com

m
on

in
the

past.In
⇤

-C
old

D
ark

M
at-

ter(⇤
-C

D
M

)cosm
ology

m
odels

galaxies
m

erge
frequently

(Lacey
&

C
ole

1993).D
uring

a
galaxy

m
ergerthe

SM
B

H
sharboured

in
the

galactic
nucleiw

illsink
to

the
centerofthe

m
ergerrem

nant,even-
tually

form
ing

a
SM

B
H

B
(B

egelm
an,B

landford
&

R
ees

1980).A
s

a
consequence

the
U

niverse
should

contain
a

potentially
large

num
-

berofgradually
in-spiralling

SM
B

H
B

s.The
incoherentsuperposi-

tion
of

G
W

s
from

these
binaries

is
expected

to
form

an
isotropic

stochastic
G

W
B

.D
eviationsfrom

isotropy,how
ever,such

asfrom
a

sm
allnum

berofbrightnearby
sources,could

resultin
individually

resolvable
system

s
(Lee

et
al.2011),and

an
anisotropic

distribu-
tion

ofpow
eracross

the
sky

(M
ingarellietal.2013;Taylor&

G
air

2013;
G

air
et

al.2014).These
latter

situations
are

the
subject

of
tw

o
com

panion
papers

(Tayloretal.in
prep.,B

abak
etal.in

prep.);
here

w
e

focus
on

the
possibility

ofdetecting
a

stochastic
isotropic

G
W

B
,and

w
e

w
illdiscuss

the
im

plications
ofourfindings

forthe
astrophysics

ofSM
B

H
B

s,cosm
ic

strings,and
relics

from
inflation.

A
n

isotropic,stochastic
G

W
B

ofcosm
ologicalorastrophysi-

calorigin
can

be
described

in
term

s
ofits

G
W

energy
density

con-
tent
⇢

gw
per

unitlogarithm
ic

frequency,divided
by

the
criticalen-

ergy
density,⇢

c ,to
close

the
U

niverse:

⌦
gw (f)

=
1⇢
c

d⇢
gw

d
ln

f
=

2⇡
2

3H
20

f
2h

2c (f).
(1)

H
ere,

f
is

the
G

W
frequency,

⇢
c
=

3H
20 /8⇡

is
the

criticalenergy
density

required
to

close
the

U
niverse,H

0
=

100
h

km
s �

1M
pc �

1is
the

H
ubble

expansion
rate,w

ith
h

the
dim

ensionlessH
ubble

param
-

eter,and
⇢

gw
is

the
totalenergy

density
in

G
W

s
(A

llen
&

R
om

ano
1999;M

aggiore
2000).

Typically
the

‘characteristic
strain’,

h
c (f),associated

w
ith

a
G

W
B

energy
density

⌦
gw (f)is

param
etrised

as
a

single
pow

er-law
forseveralbackgrounds

ofinterest:

h
c
=

A
 

f
yr �

1 !
↵

,
(2)

w
here

A
is

the
strain

am
plitude

at
a

characteristic
frequency

of
1yr �

1,and
↵

describes
the

slope
of

the
spectrum

.Finally,h
c

is
di-

rectly
related

to
the

observable
quantity

induced
by

a
G

W
B

in
our

tim
ing

residuals,the
one-sided

pow
erspectraldensity,S

(f),given
by:

S
(f)
=

1
12⇡

2

1f
3 h

c (f) 2
=

A
2

12⇡
2

 
f

yr �
1 !�
�yr 3,

(3)

w
here

�
⌘

3�
2↵.

N
ote

that
unless

explicitly
stated

otherw
ise,

henceforth
w

hen
referring

to
spectralindices

w
e

w
illbe

referring
to

the
quantity

�.
The

expected
spectralindex

variesdepending
on

the
source

of
the

stochastic
background.For

a
G

W
B

resulting
from

inspiraling
SM

B
H

B
s

the
characteristic

strain
is

approxim
ately

h
c (f)/

f �
2/3

(R
ajagopal&

R
om

ani1995;Ja↵e
&

B
acker2003;W

yithe
&

Loeb
2003;Sesana

etal.2004),or
equivalently,

�
=

13/3,w
hereas

pri-
m

ordialbackground
contributionsorcosm

ic
stringsare

expected
to

have
pow

er-law
indices

of
�
=

5
(G

rishchuk
2005),and

�
=

16/3
(Ö

lm
ez,M

andic
&

Siem
ens

2010;D
am

our
&

V
ilenkin

2005)
re-

spectively.H
ow

ever,forcosm
ic

strings
in

particular,a
single

spec-
tralindex

is
notexpected

to
accurately

describe
the

spectrum
in

the
PTA

frequency
band

(Sanidas,B
attye

&
Stappers

2012).
A

m
ultitude

of
experim

ents
have

setlim
its

on
the

am
plitude

of
the

stochastic
G

W
B

,either
ata

reference
frequency

as
is

done
for

PTA
s

(Shannon
et

al.
2013)

and
ground-based

interferom
e-

ters
(A

asietal.2014),orby
reporting

a
value

forG
W

energy
den-

sity
integrated

over
all

frequencies
as

is
done

by
B

ig
B

ang
N

u-
cleosynthesis

m
easurem

ents,e.g.(C
yburtetal.2005)

and
C

osm
ic

M
icrow

ave
B

ackground
(C

M
B

)m
easurem

ents(Sm
ith,Pierpaoli&

K
am

ionkow
ski

2006;
Sendra

&
Sm

ith
2012).

A
s

such,
an

upper
lim

iton
the

stochastic
G

W
B

reported
in

term
s

ofeither
⌦

gw (f)h
2,

or
⌦

gw (f)fora
specified

value
of

h
provides

a
clearw

ay
to

report
ourlim

its.

c�
0000

R
A

S,M
N

R
A

S
000,000–000

ρ
GW !=!GW

!energy!density!per!unit!logarithm
ic!frequency!

ρ
c !=!8π/(3H

0 2)!=!cri3cal!energy!density!to!close!the!U
niverse!

H
0 !=!100h!km

/s/M
pc!=!Hubble!expansion!rate!

As!approxim
a3on!(m

ost!likely!not!correct!–!see!later!talks!),!w
e!expect!the!char.!

strain!to!follow
!a!pow

er!law
:!

A!=!am
plitude!for!f=1/1yr!–!related!to!"one-sided!pow

er!spectral!density":!

For!GW
B!from

!SM
BHBs,!w

e!expect!!h
c (f)α!f -2/3!and!γ=13/3!!
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(

• 
W
e!are!looking!for!a!"red!noise"!signal!w

ith!a!period!com
parable!to!the!length!

of!the!data!set,!using!frequen3st!and!Bayesian!m
ethods!–!see!e.g.!Lindley's!talk!

• 
Com

pe3ng!noise!sources:!
!!!!!!!!!!!-!pulsar!determ

inis3c!"noise"!(orbital!m
o3on,!spin-dow

n!etc.)!
!!!!!!!!!!!-!pulsar!intrinsic!w

hite!noise!+!instrum
ental!(therm

al)!w
hite!noise!

!!!!!!!!!!!-!pulsar!intrinsic!red!noise!(pulse!jiYer,!3m
ing!irregulari3es)!

!!!!!!!!!!!-!varia3on!in!the!interstellar!m
edium

!("W
eather",!DM

!varia3on,!scaYering)!
!!!!!!!!!!!-!"com

m
on!noise":!planetary!ephem

eris!errors,!clock!errors!
!!!!!!!!!!!-!stochas3c!noise!due!to!GW

B!
!!
• 

In!order!to!extract!GW
B!signal,!a!num

ber!of!pulsars!need!to!be!observed!
• 

N
ote!that!adding!m

ore!pulsars!should!!
!!!!!!im

prove!signals!(α!N
)!but!can!also!add!!

!!!!!!addi3onal!noise:!
!!!!!!!!!few

er!good!pulsars!m
ay!be!beYer!than!

!!!!!!!!!m
any!less!good!ones!

!!!!!!!!!but:!perhaps!only!w
ay!to!find!com

m
on!noise!

  N
orbert W

ex / G
R

@
99 / Bad H

onnef / 2014-09-17

H
ellings-D

ow
ns curve
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[ Hellings & Downs 1983 ]
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Currently!3m
ing!50!M

SPs!at!six!radio!frequencies!w
ith!seven!(soon!nine)!telescopes.!

There!are!roughly!50,000!TO
As!spanning!10!years!in!the!current!IPTA!data!release.!!

• Brian Burt
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An!array!of!100-m
!class!telescopes!to!form

!a!pulsar!3m
ing!array!

and!ul3m
ately!form

ing!the!Large!European!Array!for!Pulsars!(LEAP)!

SRT,!Sardinia,!Italy!

Effelsberg!100-m
,!Germ

any!
Lovell,!Jodrell!Bank,!
U
K!

N
RT,!N

ancay,!France!
W
SRT,!W

esterbork,!N
L!

P
lus theory: 
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a
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(a
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A
P
!
(

Introducing
LE

A
P

Large
E

uropean
A

rray
forP

ulsars
C

oherently
add

pulsarobservations
from

the
5

large
radio

telescopes
in

E
urope

to
obtain

m
ost

precise
TO

A
’s

forG
W

detection.

C
om

bine
telescopes

to
form

a
phased

array,a
telescope

w
ith

equivalentsize
ofa

200
m

dish.

A
LE

A
P

in
collecting

area.

Funding
E

R
C

grantto
M

ichaelK
ram

er(2.5M
e

)for2
seniorP

D
R

A
’s,5

juniorP
D

R
A

’s

C
ees

B
assa

(JB
C

A
)

The
LE

A
P

P
roject

JB
C

A
InternalS

ym
posium

:June
16th,2010

6
/9

Coherently!add!pulsar!observa3ons!from
!5!of!the!largest!

telescopes!in!Europe!(and!the!w
orld!)!to!obtain!m

ost!precise!
TO

A’s!for!GW
!detec3on.!

!Com
bine!telescopes!to!form

!a!phased!array,!a!telescope!
w
ith!equivalent!size!of!SKA!–!Phase!1!!

!!A!LEAP!in!collec3ng!area:!3m
ing,im

aging!&
!searching.!!

(Kram
er!&

!Stappers!2010,!Bassa!et!al.!2016)!!
Established!by!ERC!Advanced!Grant.!
! "The!best,!m

ost!sensi3ve!pulsar!instrum
ent!at!the!m

om
ent"(
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A
B
S
T
R
A
C
T

T
he

L
arge

E
urop

ean
A

rray
for

P
ulsars

(L
E

A
P

)
is

an
exp

erim
ent

that
harvests

the
collective

p
ow

er
of

E
urop

e’s
largest

radio
telescop

es
in

order
to

increase
the

sensi-
tivity

of
high-precision

pulsar
tim

ing.
A

s
part

of
the

ongoing
e↵

ort
of

the
E

urop
ean

P
ulsar

T
im

ing
A

rray
(E

P
T
A

),
L
E

A
P

aim
s

to
go

b
eyond

the
sensitivity

threshold
needed

to
deliver

the
first

direct
detection

of
gravitational

w
aves.

T
he

five
telescop

es
presently

included
in

L
E

A
P

are:
the

E
↵
elsb

erg
telescop

e,
the

L
ovell

telescop
e,

the
N

ançay
radio

telescop
e,

the
Sardinia

R
adio

T
elescop

e
and

the
W

esterb
ork

Synthe-
sis

R
adio

T
elescop

e.
D

ual
p
olarization,

N
yquist-sam

pled
tim

e-series
are

recorded
and

processed
o✏

ine
to

form
the

coherent
sum

,
resulting

in
a

tied-array
telescop

e
w

ith
an

e↵
ective

ap
erture

equivalent
to

a
195

-m
diam

eter
circular

dish.
A

ll
observations

are
p
erform

ed
using

a
bandw

idth
of

128
M

H
z

centered
at

a
frequency

of
1396

M
H

z.
In

this
pap

er,
w

e
present

the
design

of
the

L
E

A
P

exp
erim

ent,
the

instrum
entation,

the
storage

and
transfer

of
data,

and
the

processing
hardw

are
and

softw
are.

In
particular,

w
e

present
the

softw
are

pip
eline

that
w

as
designed

to:
process

the
N

yquist-sam
pled

tim
e-series;

m
easure

the
phase

and
tim

e
delays

b
etw

een
each

pair
of

telescop
es;

ap-
ply

these
delays

for
tied-array

coherent
additions.

T
he

pip
eline

includes
p
olarization

calibration
and

interference
m

itigation.
W

e
present

the
first

results
from

L
E

A
P

and
dem

onstrate
the

resulting
increase

in
sensitivity,

w
hich

leads
to

an
im

provem
ent

in
the

pulse
arrival

tim
es.

K
e
y

w
o
r
d
s
:

gravitational
w

aves
—

pulsars:
general

—
m

ethods:
data

analysis
—

techniques:
interferom

etric

1
IN

T
R
O
D
U
C
T
IO

N

Fundam
entalphysics

and
our

understanding
ofthe

U
niverse

are
at

an
im

portant
crossroad.

W
e
can

now
com

pute
the

evolution
of

the
U
niverse

back
in

tim
e
untila

sm
allfraction

of
a
second

after
the

B
ig

B
ang,

and
the

experim
ental

evi-
dence

for
our

standard
m
odel

of
particle

physics
has

been
exem

plified
by

the
detection

ofthe
H
iggs

boson
(C

hatrchyan
et

al.
2012;

A
ad

et
al.

2012).
A
t
the

centre
of

the
theoret-

ical
understanding

of
both

of
these

branches
of

physics
are

E
instein’s

theory
of

general
relativity

(G
R
)
and

the
law

s
of

?
em

ail:
bassa@

astron.nl

quantum
m
echanics.B

oth
theories

are
extrem

ely
successful,

having
passed

observationaland
experim

entaltests
w
ith

fly-
ing

colours
(e.g.K

ram
er

et
al.2006).N

evertheless,they
seem

to
be

incom
patible,and

attem
pts

to
form

ulate
a
new

theory
of

quantum
gravity,

w
hich

w
ould

unite
the

classical
w
orld

of
gravitation

w
ith

the
intricacies

of
quantum

m
echanics,

rem
ain

an
im

portant
challenge.

In
this

quest
it

is
therefore

hugely
im

portant
to

know
w
hether

G
R

is
the

right
theory

of
gravity

after
all.

B
ecause

gravity
is

a
rather

w
eak

force,
it

usually
re-

quires
m
assive

astronom
icalbodies

to
test

the
predictions

of
E
instein’s

theory.
O
ne

of
these

predictions
involves

the
es-

sential
concept

that
space

and
tim

e
are

com
bined

to
form

a

c�
2013

R
A
S

T
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hu

b

aA
ST

R
O

N
,the

N
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R
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A
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w
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T
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N
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P
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für

R
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ufdem
H
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anchester,M
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M
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K
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R
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N
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P
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N
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F
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F
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O
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A
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A
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Institute
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m
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P
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X
H

A
m
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A
b

stract

T
he

L
arge

E
uropean

A
rray

for
P

ulsars
com

bines
E

urope’s
largestradio

telescopes
to

form
a

tied-array
telescope

thatprovides
high

signal-to-noise
observations

of
m

illisecond
pulsars

(M
S

P
s)

w
ith

the
objective

to
increase

the
sensitivity

of
detecting

a
gravitational

w
ave.

A
s

partof
this

endeavorw
e

have
developed

a
softw

are
correlatorand

beam
form

erw
hich

enables
the

form
ation

of
a

tied-array
beam

from
the

raw
voltages

from
each

of
telescopes.

W
e

explain
the

concepts
and

techniques
involved

in
the

process
of

adding
the

raw
voltages

coherently.
W

e
further

present
the

softw
are

processing
pipeline

that
is

specifi
cally

designed
to

deal
w

ith
data

from
w

idely
spaced,inhom

ogeneous
radio

telescopes
and

describe
the

steps
involved

in
preparing,correlating

and
creating

the
tied-array

beam
.

T
his

includes
polarization

calibration,
bandpass

correction,
frequency

dependent
phase

correction,
interference

m
itigation

and
pulsar

gating.F
inally,an

overview
is

provided
of

allthe
softw

are
and

w
here

to
obtain

it.

K
eyw

ords:
m

ethods:
data

analysis
–

pulsars:
general

1.
In

trod
u

ction

O
ne

of
the

rem
arkable

predictions
from

the
theory

of
gen-

eral
relativity

is
the

existence
of

ripples
in

space-tim
e,

called
gravitational

w
aves

(G
W

s),
w

hich
are

created
for

exam
ple

by
the

acceleration
of

m
asses.

T
he

fi
rst

proof
of

their
existence

cam
e

from
the

observed
decay

of
the

orbitalperiod
in

com
pact

system
s

of
tw

o
orbiting

stars
as

the
G

W
s

carry
energy

aw
ay

(e.g.Taylor
&

W
eisberg,1982).

M
ore

recently,the
L

IG
O

S
ci-

entifi
c

C
ollaboration

and
the

V
irgo

C
ollaboration

observed
the

fi
rst

direct
detection

of
a

transient
G

W
signal

originating
from

a
binary

black
hole

m
erger

(A
bbott

et
al.,

2016).
L

IG
O

and
sim

ilar
detectors

probe
G

W
s

at
kH

z-frequencies
m

aking
them

m
ostsensitive

to
signals

from
m

erging
binary

neutron
stars

and
black

hole
system

s.
R

egular
observations

of
radio

pulsars
have

the
potentialto

probe
G

W
frequencies

dow
n

to
nanohertz.T

his
could

provide
a

direct
detection

of
the

stochastic
G

W
back-

ground
originating

from
the

ensem
ble

of
coalescing

superm
as-

sive
black

hole
binaries

throughout
universe

(e.g.
H

aehnelt,
1994;

Jaff
e

&
B

acker,
2003;

S
esana

et
al.,

2008)
and

possibly
also

a
detection

ofsingle
sources

such
as

near
coalescing

binary
system

s
and

cosm
ic

strings
(e.g.L

ee
etal.,2011;S

anidas
etal.,

2012;L
om

m
en,2012).R

adio
pulsars

are
spinning

neutron
stars

that
em

it
narrow

beam
s

of
radio

em
ission

along
their

m
agnetic

axes.
A

s
the

beam
passes

across
the

telescope,
a

pulse
of

ra-
diation

can
be

observed
w

ith
the

tim
e

betw
een

pulses
corre-

sponding
to

the
highly

regular
rotation

of
the

neutron
star.

T
his

E
m

ailaddress:
s
m
i
t
s
@
a
s
t
r
o
n
.
n
l

(R
.S

m
its)

m
akes

pulsars
actlike

cosm
ic

clocks.
In

a
P

ulsar
T

im
ing

A
rray

(P
TA

)
experim

ent
the

em
ission

from
the

m
ost

stable
pulsars,

m
illisecond

pulsars
(M

S
P

s),
act

as
the

arm
s

of
a

huge
G

alac-
tic

G
W

detector
(D

etw
eiler,

1979;
H

ellings
&

D
ow

ns,
1983).

T
he

tim
ing

of
pulsars

for
P

TA
s

now
spans

w
ell

over
a

decade
and

are
typically

perform
ed

on
a

m
onthly

basis
(e.g.D

esvignes
etal.,2016;M

anchester
etal.,2013;T

he
N

A
N

O
G

rav
C

ollabo-
ration

et
al.,

2015).
T

his
long

tim
e

span
is

w
hat

m
akes

a
P

TA
sensitive

to
G

W
frequencies

dow
n

to
nanohertz

and
m

akes
it

com
plem

entary
to

the
ground-based

detectors.

T
he

ongoing
eff

orts
for

the
detection

of
G

W
s

via
a

P
TA

ex-
perim

ent
are

pushing
the

precision
lim

its
of

w
hat

is
possible

w
hen

using
the

existing
telescopes

individually.T
hey

currently
fall

short
in

achieving
the

required
tim

ing
precision

for
a

large
enough

sam
ple

of
pulsars

to
get

a
detection

(D
em

orest
et

al.,
2013;S

hannon
etal.,2015;L

entatiet
al.,2015).

T
he

precision
can

be
im

proved
by

increasing
the

telescope
sensitivity.

T
he

L
arge

E
uropean

A
rray

for
P

ulsars
(L

E
A

P
)

is
an

exper-
im

ent
to

com
bine

the
raw

voltages
from

individual
telescopes

to
form

a
tied-array

telescope
to

provide
high

signal-to-noise
observations

of
m

illisecond
pulsars

(M
S

P
s)

w
ith

the
objective

to
increase

the
sensitivity

for
a

G
W

detection
(B

assa
et

al.,
2016).

It
com

bines
the

data
from

the
telescopes

participating
in

the
E

uropean
P

ulsar
T

im
ing

A
rray

(E
P

TA
).T

hese
telescopes

are
the

E
ff

elsberg
telescope

(E
B

),
the

L
ovell

telescope
at

Jo-
drell

B
ank

(JB
),

the
N

ançay
radio

telescope
(N

R
T

),
the

S
ar-

dinia
R

adio
T

elescope
(S

R
T

)
and

the
W

esterbork
S

ynthesis
R

a-
dio

T
elescope

(W
S

R
T

).C
om
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E
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0
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a
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b
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o
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n
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in
g
p
ro

p
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o
f
sin

g
le

p
u
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m

P
S
R
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7
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0
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u
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g
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e
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a
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e
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u
ro

p
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n
A
rray

fo
r
P
u
lsa
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G
.
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G
.
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.
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ssen
, 3
R
.
K
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p
p
u
sam
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J.

M
cK

ee, 4
M
.
K
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K
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L
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M
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u
rver, 4

S
.
S
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id
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R
.
S
m
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S
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p
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P
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W
eltevred

e
4
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d
W
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, 1
1M

a
x-P

la
n
ck-In

stitu
t
fü
r
R
a
d
ioa

stro
n
o
m
ie,

A
u
f
d
em

H
ü
gel
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9
,
D
-5
3
1
2
1
B
o
n
n
,
G
erm

a
n
y

2S
ta
tio

n
d
e
ra
d
ioa

stro
n
o
m
ie

d
e
N
a
n
ça

y,
O
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to
ire

d
e
P
a
ris,

C
N
R
S
/
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S
U
,
F
-1
8
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3
0
N
a
n
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y,
F
ra
n
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3A
S
T
R
O
N
,
th
e
N
eth

erla
n
d
s
In

stitu
te

fo
r
R
a
d
io

A
stro

n
o
m
y,

P
o
stbu

s
2
,
N
L
-7
9
9
0
A
A
,
D
w
in
geloo

,
T
h
e
N
eth

erla
n
d
s

4U
n
iversity

o
f
M
a
n
ch

ester,
J
od

rell
B
a
n
k
C
en

tre
fo
r
A
stro

p
h
ysics,

A
la
n
T
u
rin

g
B
u
ild

in
g,

M
a
n
ch

ester
M
1
3
9
P
L
,
U
K

5K
IA

A
,
P
ekin

g
U
n
iversity,

B
eijin

g
1
0
0
8
7
1
,
P
.R

.
C
h
in
a

6IN
A
F

-
O
sserva

to
rio

A
stro

n
o
m
ico

d
i
C
a
glia

ri,
V
ia

d
ella

S
cien

za
5
,
I-0

9
0
4
7
S
ela

rgiu
s
(C

A
),

Ita
ly

7A
n
to
n
P
a
n
n
ekoek

In
stitu

te
fo
r
A
stro

n
o
m
y,

U
n
iversity

o
f
A
m
sterd

a
m
,
S
cien

ce
P
a
rk

9
0
4
,
N
L
-1
0
9
8
X
H

A
m
sterd

a
m
,
T
h
e
N
eth

erla
n
d
s

2
4
A
u
g
u
st

2
0
1
6

A
B
S
T
R
A
C
T

S
in
gle

p
u
lses

p
reserve

in
form

ation
ab

ou
t
th
e
p
u
lsar

rad
io

em
ission

an
d
p
rop

agation
in

th
e
p
u
lsar

m
agn

etosp
h
ere,

an
d
u
n
d
erstan

d
in
g
th
e
b
eh
aviou

r
of

th
eir

variab
ility

is
es-

sential
for

estim
atin

g
th
e
fu
n
d
am

ental
lim

it
on

th
e
ach

ievab
le

p
u
lsar

tim
in
g
p
recision

.
H
ere

w
e
rep

ort
th
e
fi
n
d
in
gs

of
ou

r
an

alysis
of

sin
gle

p
u
lses

from
P
S
R

J1713+
0747

w
ith

d
ata

collected
by

th
e
L
arge

E
u
rop

ean
A
rray

for
P
u
lsars

(L
E
A
P
).
W
e
p
resent

statisti-
cal

stu
d
ies

of
th
e
p
u
lse

p
rop

erties
th
at

in
clu

d
e
d
istrib

u
tion

s
of

th
eir

en
ergy,

p
h
ase

an
d

w
id
th
.
T
w
o
m
od

es
of

system
atic

su
b
-p
u
lse

d
riftin

g
h
ave

b
een

d
etected

,
w
ith

a
p
eri-

od
icity

of
7
an

d
3
p
u
lse

p
eriod

s.
T
h
e
tw

o
m
od

es
ap

p
ear

at
d
iff
erent

ran
ges

of
p
u
lse

lon
gitu

d
e
b
u
t
overlap

u
n
d
er

th
e
m
ain

p
eak

of
th
e
integrated

p
rofi

le.
N
o
evid

en
ce

for
p
u
lse

m
icro-stru

ctu
re

is
seen

w
ith

a
tim

e
resolu

tion
d
ow

n
to

140
n
s.

In
ad

d
ition

,
w
e

sh
ow

th
at

th
e
fraction

al
p
olarisation

of
sin

gle
p
u
lses

in
creases

w
ith

th
eir

p
u
lse

p
eak

fl
u
x
d
en
sity.

B
y
m
ap

p
in
g
th
e
p
rob

ab
ility

d
en
sity

of
lin

ear
p
olarisation

p
osition

an
gle

w
ith

p
u
lse

lon
gitu

d
e,

w
e
reveal

th
e
existen

ce
of

tw
o
orth

ogon
al

p
olarisation

m
od

es.
F
in
ally,

w
e
fi
n
d
th
at

th
e
resu

ltin
g
p
h
ase

jitter
of

integrated
p
rofi

les
cau

sed
by

sin
gle

p
u
lse

variab
ility

can
b
e
d
escrib

ed
by

a
G
au

ssian
p
rob

ab
ility

d
istrib

u
tion

on
ly

w
h
en

at
least

100
p
u
lses

are
u
sed

for
integration

.
P
u
lses

of
d
iff
erent

fl
u
x
d
en
sities

an
d
w
id
th
s

contrib
u
te

ap
p
roxim

ately
equ

ally
to

th
e
p
h
ase

jitter,
an

d
n
o
im

p
rovem

ent
on

tim
in
g

p
recision

is
ach

ieved
by

u
sin

g
a
su
b
-set

of
p
u
lses

w
ith

a
sp
ecifi

c
ran

ge
of

fl
u
x
d
en
sity

or
w
id
th
.

K
ey

w
o
rd

s:
m
eth

od
s:

d
ata

an
alysis

—
p
u
lsars:

in
d
ivid

u
al

(P
S
R

J1713+
0747)

1
IN

T
R
O
D
U
C
T
IO

N

M
illisecon

d
p
u
lsars

(M
S
P
s)

th
a
t
w
ere

sp
u
n
u
p
in

accretin
g

b
in
ary

sy
stem

s
to

reach
rotation

al
p
erio

d
s
!

30
m
s
(A

lp
ar

et
al.

1982),
are

n
oted

for
th
eir

h
igh

ly
p
recise

tim
in
g
b
e-

h
av

iou
r
(e.g.

A
rzou

m
an

ian
et

al.
2015;

D
esv

ign
es

et
al.

2016;
R
eard

on
et

al.
2016).

T
h
eir

sh
ort

an
d
stab

le
rotation

al
p
eri-

o
d
m
ake

th
em

ex
cellen

t
to
ols

for
p
rob

in
g
tin

y
sp
acetim

e
p
er-

tu
rb
ation

s
an

d
p
erform

in
g

grav
ity

ex
p
erim

en
ts,

in
clu

d
in
g

⋆
k
liu

@
m
p
ifr-b

on
n
.m

p
g.d

e

tests
of

G
en

eral
R
elativ

ity
w
ith

great
p
recision

(e.g.
K
ram

er
et

al.
2006;

W
eisb

erg
et

al.
2010),

strin
gen

t
con

strain
ts

on
altern

ative
th
eories

of
grav

ity
(e.g.

F
reire

et
al.

2012;
A
n
to-

n
iad

is
et

al.
2013),

p
rob

es
of

n
eu

tron
star

eq
u
ation

s-of-state
(e.g.

D
em

orest
et

al.
2010;

Ö
zel

et
al.

2010),
an

d
th
e
on

goin
g

search
for

grav
itation

al
w
aves

in
th
e
n
an

oh
ertz

regim
e
(e.g.

L
en
tati

et
al.

2015;
S
h
an

n
on

et
al.

2015;
A
rzou

m
an

ian
et

al.
2016).T

h
e
su
ccess

of
th
e
aforem

en
tion

ed
tim

in
g
ex
p
erim

en
ts

is
attrib

u
ted

to
b
oth

th
e
regu

lar
rotation

of
th
e
p
u
lsars,

an
d

th
eir

stab
le

in
tegrated

p
u
lse

p
rofi

les
form

ed
b
y

averagin
g

c⃝
0
0
0
0
R
A
S

S
in
gle

pulses
of

P
S
R

J1713+
0747

3

A
t
N
an

çay,
w
e
u
sed

th
e
N
U
P
P
I
in
stru

m
en

t
(D

esv
ign

es
et

al.
2011)

to
record

b
aseb

an
d
d
ata

from
fou

r
of

th
e
eigh

t
b
an

d
s

(1388,
1404,

1420,
1436

M
H
z)

w
ith

an
id
en

tical
setu

p
.
A
t
th
e

W
S
R
T
,
th
e
P
u
M
a-II

sy
stem

(K
aru

p
p
u
sam

y
et

al.
2008)

w
as

u
sed

to
record

8-b
it
b
aseb

an
d
d
ata

of
8×

20
M
H
z
b
an

d
s,
w
ith

cen
tral

freq
u
en

cies
at

1342,
1358,

1374,
1390,

1406,
1422,

1438
an

d
1454

M
H
z
2.

A
t
b
oth

E
ff
elsb

erg
an

d
th
e
W

S
R
T
,
th
e

d
ata

w
ere

later
cop

ied
to

d
isk

s
an

d
sh
ip
p
ed

to
th
e
Jo

d
rell

B
an

k
O
b
servatory

(JB
O
),
w
h
ere

th
ey

w
ere

in
stalled

in
to

th
e

L
E
A
P

cen
tral

storage
clu

ster.
T
h
e
d
ata

from
N
an

çay
w
ere

d
irectly

tran
sferred

to
JB

O
v
ia

in
tern

et.
A

fu
ll
d
escrip

tion
of

th
e
L
E
A
P

ob
servation

al
setu

p
can

b
e
fou

n
d
in

B
assa

et
al.

(2016).
P
rep

ro
cessin

g
of

th
e
d
ata

w
as

th
en

carried
ou

t
on

th
e

C
P
U

clu
ster

at
JB

O
u
sin

g
a
softw

are
correlator

d
evelop

ed
sp

ecifi
cally

for
L
E
A
P

(S
m
its

et
al.

in
p
rep

.).
E
ach

ob
serva-

tion
w
as

d
iv
id
ed

in
to

3-m
in

su
b
-in

tegration
s
for

correlation
p
u
rp

oses.
T
o
calib

rate
th
e
p
olarisation

of
th
e
voltage

d
ata

from
each

in
d
iv
id
u
al

telescop
e,
w
e
fi
rst

d
ed

isp
ersed

an
d
fold

-
ed

th
e
d
ata

to
form

an
in
tegrated

p
rofi

le
from

th
e
en

tire
ob

-
servation

.
U
sin

g
th
e
p
olarisation

p
rofi

le
of

P
S
R

J1713+
0747

(from
S
tairs

et
al.

1999)
ob

tain
ed

from
th
e
E
u
rop

ean
P
u
lsar

N
etw

ork
(E

P
N
)
d
atab

ase
3,

w
e
ap

p
lied

a
tem

p
late

m
atch

-
in
g
tech

n
iq
u
e
to

th
e
ob

served
p
rofi

le
in

ord
er

to
m
easu

re
th
e
receiver

p
rop

erties,
assu

m
in
g
th
e
fu
ll

recep
tion

m
o
d
el

as
in

van
S
traten

(2004).
T
h
e
corresp

on
d
in
g
Jon

es
m
atrices

w
ere

th
en

calcu
lated

an
d
u
sed

to
calib

rate
th
e
voltage

d
ata.

In
ord

er
to

correct
for

th
e
d
iff
eren

ce
in

voltage
p
h
ase

re-
sp

on
se

b
etw

een
d
iff
eren

t
b
acken

d
s,

w
e
u
sed

th
e
ob

servation
of

th
e
p
h
ase

calib
rator

J1719+
0817

(p
erform

ed
im

m
e
d
i-

a
te

ly
b
efore

th
e
p
u
lsar

ob
servation

)
to

m
easu

re
th
e
p
h
ase

off
sets

across
th
e
en

tire
b
an

d
,
an

d
th
en

ap
p
lied

th
em

to
th
e

d
ata

of
P
S
R

J1713+
0747.

A
s
it

w
as

a
very

b
righ

t
ob

serva-
tion

of
th
e
p
u
lsar,

w
e
u
sed

th
e
p
u
lsar

d
ata

itself
to

m
easu

re
th
e
frin

ges
(relative

tim
e
an

d
p
h
ase

off
sets)

b
etw

een
d
iff
er-

en
t
sites.

W
ith

th
e
frin

ge
solu

tion
s,

th
e
softw

are
correlator

p
ro
d
u
ced

coh
eren

tly
ad

d
ed

voltage
d
ata

w
ith

an
eff

ective
b
an

d
w
id
th

of
112

M
H
z
cen

tred
at

1388
M
H
z
4,

w
h
ich

w
ere

th
en

p
ro
cessed

w
ith

th
e
D
S
P
S
R

softw
are

(for
d
etails,

see
van

S
traten

&
B
ailes

2011)
to

ex
tract

th
e
sin

gle
p
u
lse

d
a-

ta.
T
h
e
d
ata

w
ere

coh
eren

tly
d
ed

isp
ersed

u
sin

g
a
d
isp

ersion
m
easu

re
(D

M
)
of

15.9891
cm

−
3p

c
(w

h
ich

is
th
e
d
efau

lt
valu

e
u
sed

at
JB

O
to

d
e-d

isp
erse

P
S
R

J1713+
0747

d
ata).

S
in
gle

p
u
lse

d
ata

w
ere

w
ritten

to
d
isk

s
w
ith

a
m
ax

im
u
m

tim
e
res-

olu
tion

of
140

n
s
(corresp

on
d
in
g
to

32,768
p
h
ase

b
in
s
w
ith

in
a
p
erio

d
).

M
ore

d
etails

of
ou

r
d
ata

p
ro
cessin

g
p
ip
elin

e
are

d
escrib

ed
in

B
assa

et
al.

(2016).
F
ig.

1
sh
ow

s
th
e
total

in
ten

sity
p
rofi

le
from

th
e
L
E
A
P

d
ata

com
p
ared

w
ith

th
ose

from
each

of
th
e
sin

gle
telescop

es.
A

calcu
lation

b
ased

on
sign

al-to-n
oise

ratio
m
easu

rem
en

ts
sh
ow

s
a
coh

eren
cy

of
95%

for
th
e
L
E
A
P

ad
d
ition

.
T
h
e
p
o-

larisation
p
rofi

le
as

w
ell

as
th
e

sw
in
g

of
lin

ear
p
olarisa-

tion
p
osition

an
gle

(P
.A

.)
from

th
e
L
E
A
P

d
ata

sh
ow

n
in

F
ig.

2
is
con

sisten
t
w
ith

th
e
resu

lts
from

p
rev

iou
s
w
ork

(O
r-

d
et

al.
2004;

Y
an

et
al.

2011).
W

e
a
lso

u
se

d
th

e
re

ce
iv
e
r

2
T
h
e
W

S
R
T

b
an

d
s
overlap

b
y
4
M
H
z,

so
th

e
coh

eren
t
ad

d
ition

later
u
sed

16
M
H
z
ou

t
of

th
e
20

M
H
z.

3
h
ttp

://w
w
w
.ep

ta.eu
.org/ep

n
d
b
/

4
D
ata

from
th

e
1452

M
H
z
su

b
-b
an

d
w
ere

n
ot

in
clu

d
ed

d
u
e
to

a
receiver

cu
toff

at
E
ff
elsb

erg.
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Relative amplitude

Phase
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C
Y

W
SR
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F
ig
u
re

1
.

T
otal

in
ten

sity
p
rofi

le
of

P
S
R

J
1713+

0747
on

M
J
D

56193
from

L
E
A
P

d
ata

in
tegrated

over
th

e
en

tire
15-m

in
ob

servation
,
com

p
ared

w
ith

th
ose

from
sin

gle
telescop

e
d
ata.

T
h
e

am
p
litu

d
e
of

th
e
p
rofi

les
from

in
d
iv
id
u
al

telescop
es

are
relativ

e
to

th
at

of
th

e
L
E
A
P

p
rofi

le.
T
h
e
p
eak

sign
al-to-n

oise
ratios

are
896,

314,
333,

300
for

L
E
A
P
,
E
ff
elsb

erg
(E

F
F
),

N
an

çay
(N

C
Y
),

an
d
W

esterb
ork

(W
S
R
T
),

resp
ectiv

ely,
w
h
ich

corresp
on

d
s
to

an
ad

d
ition

w
ith

a
95%

coh
eren

cy.
T
h
e
p
eak

of
th

e
L
E
A
P

p
rofi

le
lo
cates

at
p
h
ase

0.507.

F
ig
u
re

2
.
P
olarisation

p
rofi

le
an

d
lin

ear
p
olarisation

p
osition

an
gle

(P
.A

.)
of

P
S
R

J
1713+

0747.
In

th
e
lo
w
e
r
p
a
n
e
l,

th
e
so

l-
id

(b
la
ck

),
d
a
sh

e
d

(re
d
)
a
n
d

d
o
tte

d
(b

lu
e
)
lin

e
s
rep

resen
t

th
e
total

in
ten

sity
(I
),

lin
ear

(L
)
an

d
circu

lar
(V

)
com

p
on

en
ts,

resp
ectiv

ely.
T
h
e
in
n
er

p
an

el
sh

ow
s
an

en
larged

v
iew

of
th

e
p
o-

larisation
p
rofi

le.
T
h
e
tim

e
resolu

tion
u
sed

is
2.3

µ
s.

p
ro

p
e
rtie

s
m
e
a
su

re
d

fro
m

P
S
R

J
1
7
1
3
+
0
7
4
7

to
ca

l-
ib
ra

te
P
S
R

J
1
6
0
0−

3
0
5
3

d
a
ta

o
b
ta

in
e
d

o
n

th
e
sa

m
e

e
p
o
ch

,
a
n
d

h
a
d

co
n
siste

n
t

re
su

lt
a
s

sh
o
w
n

in
th

e
E
P
N

d
a
ta

b
a
se

.
T
h
e
variab

ility
of

sin
gle

p
u
lse

em
ission

is
com

m
on

ly
in
-

vestigated
u
sin

g
a
set

of
statistical

to
ols.

T
h
e
m
o
d
u
lation

in
d
ex

is
u
sed

to
in
d
icate

th
e
level

of
in
ten

sity
variation

.
T
h
e

fl
u
ctu

ation
(p
ow

er)
sp

ectra
of

p
u
lse

in
ten

sity
as

a
fu
n
ction

of
p
u
lse

n
u
m
b
er

an
d
rotation

al
p
h
ase

(p
u
lse

stack
),

can
i-

d
en
tify

p
erio

d
icities

in
th
e
em

ission
.
T
h
e
lon

gitu
d
e-resolved

fl
u
ctu

ation
sp

ectru
m

(L
R
F
S
)
resolves

th
e
fl
u
ctu

ation
s
as

a
fu
n
ction

of
rotation

al
p
h
ase.

T
h
e
tw

o-d
im

en
sion

al
fl
u
ctu

a-
tion

sp
ectru

m
(2D

F
S
)
is

calcu
lated

b
y

p
erform

in
g
a
tw

o-
d
im

en
sion

al
F
ou

rier
T
ran

sform
of

th
e
p
u
lse

stack
,
w
h
ich

is
w
id
ely

u
sed

to
stu

d
y
th
e
sy
stem

atic
d
riftin

g
of

su
b
-p
u
lses.

c⃝
0000

R
A
S
,
M
N
R
A
S
0
0
0
,
000–000

8
K
.
L
iu

et
al.

0

0.2

0.40

0.2

0.40

0.2

0.4

0.49
0.50

0.51
0.49

0.50
0.51

0.49
0.50

0.51
Phase

Intensity (arb. unit)

F
ig
u
re

1
0
.
P
o
la
risa

tio
n
p
ro
fi
les

o
f
th

e
n
in
e
h
ig
h
est-S

/
N

p
u
lses.

T
h
e
d
efi

n
itio

n
o
f
th

e
lin

es
is

th
e
sa
m
e
a
s
in

F
ig
.
2
.
T
h
e
tim

e
reso

lu
tio

n
in

th
is

p
lo
t
is

2
.3

µ
s.

p
u
rely

from
in
stru

m
en

tal
n
oise

(less
th
an

ten
d
egrees).

T
h
e

w
id
th
s
of

th
e
d
istrib

u
tion

s
grow

as
th
e
lin

ear
in
ten

sity
d
e-

creases.
S
u
ch

p
h
en

om
en

a
h
ave

alread
y
b
een

n
oticed

in
m
an

y
can

on
ical

p
u
lsars

(e.g.,
S
tin

eb
rin

g
et

al.
1984;

M
cK

in
n
on

&
S
tin

eb
rin

g
1998;

K
arastergiou

et
al.

2002).
T
o
ex
am

in
e
if
th
e

d
istrib

u
tion

of
P
.A

.
are

d
iff
eren

t
in

th
e
tw

o
m
o
d
es,

w
e
ch
ose

p
u
lse

p
h
ases

of
th
e
sam

e
lin

ear
in
ten

sity
in

th
e
in
tegrat-

ed
p
rofi

le,
an

d
p
lotted

th
e
d
istrib

u
tion

of
P
.A

.
valu

es
w
ith

m
easu

rem
en

t
error

less
th
an

7
d
eg

7.
T
h
e
resu

lt
is

sh
ow

n
in

F
ig.

13,
w
h
ere

th
e
d
istrib

u
tion

from
m
o
d
e
1
is

seen
to

b
e

b
road

er
th
an

in
m
o
d
e
2.

T
h
is

also
in
d
icates

th
e
ex
isten

ce
of

an
in
trin

sic
P
.A

.
d
istrib

u
tion

in
stead

of
a
sin

gle
valu

e.
A

recovery
of

th
e
in
trin

sic
d
istrib

u
tion

,
h
ow

ever,
w
ou

ld
re-

q
u
ire

a
d
etailed

m
o
d
ellin

g
of

th
e
in
stru

m
en

tal
n
oise

w
h
ich

ad
d
ition

ally
takes

in
to

accou
n
t
th
e
covarian

ce
of

th
e
n
oise

com
p
on

en
t
in

th
e
m
easu

red
S
tokes

Q
an

d
U

(van
S
traten

2010).

3
.3

Im
p
a
ct

o
n

tim
in
g

T
h
e
variab

ility
of

sin
gle

p
u
lses

in
tro

d
u
ces

a
variation

in
th
e

in
tegrated

p
rofi

le.
T
h
is

m
an

ifests
itself

as
sto

ch
astic

fl
u
ctu

-
ation

s
in

th
e
d
erived

p
u
lse

tim
e-of-arrivals

(T
O
A
s),

w
h
ich

is
com

m
on

ly
k
n
ow

n
as

p
h
ase

jitter.
S
h
an

n
on

&
C
ord

es
(2012)

h
ave

sh
ow

n
th
at

th
e
tim

in
g
p
recision

of
P
S
R

J1713+
0747

on
sh
ort

tim
escales

can
b
e
greatly

lim
ited

b
y
p
h
ase

jitter.
T
h
e
su
b
seq

u
en

t
jitter

n
oise

in
th
e
tim

in
g
d
ata

scales
as

th
e

sq
u
are-ro

ot
of

n
u
m
b
er

of
averaged

p
u
lses,

as
ex
p
ected

from
th
e
th
eoretical

m
o
d
el

(e.g.
C
ord

es
&

D
ow

n
s
1985).

F
o
llo

w
-

in
g

th
e

m
e
th

o
d

d
e
scrib

e
d

in
L
iu

e
t
a
l.

(2
0
1
2
),

w
e

m
e
a
su

re
d
jitte

r
n
o
ise

o
f
4
9
4
n
s
in

o
u
r
d
a
ta

fo
r
a
1
0
-s

7
T
h
e
m
ea

su
rem

en
t
u
n
certa

in
ties

w
ere

o
b
ta
in
ed

b
y
sta

n
d
a
rd

er-
ro
r
p
ro
p
a
g
a
tio

n
u
sin

g
th

e
va

ria
n
ce

o
f
S
to
k
es

Q
a
n
d

U
.
It

is
ex

-
p
ected

to
g
iv
e
th

e
1
-σ

erro
r,

w
h
en

th
e
S
/
N

o
f
th

e
lin

ea
r
in
ten

sity
ex

ceed
s
3
w
h
ich

co
rresp

o
n
d
s
to

a
n
erro

r
o
f
a
p
p
rox

im
a
tely

9
.6

d
eg

in
P
.A

.
(W

a
rd

le
&

K
ro
n
b
erg

1
9
7
4
).

0 4 8 12 16 20

-80
-60

-40
-20

0
20

40
60

80

P.A. (deg)

Percent
M

ode 1
M

ode 2

F
ig
u
re

1
3
.
N
u
m
b
er

d
en

sities
of

P
.A

.
(n

orm
alised

b
y
th

e
su

m
)

fro
m

p
u
lse

p
h
a
se

0
.4
7
5
(d

a
sh

ed
lin

e)
a
n
d
0
.5
2
2
(so

lid
lin

e)
w
h
ich

co
rresp

o
n
d
to

d
iff
eren

t
o
rth

o
g
o
n
a
l
p
o
la
risa

tio
n
m
o
d
es.

T
h
e
lin

ea
r

in
ten

sities
in

th
e
in
teg

ra
ted

p
ro
fi
le

a
re

th
e
sa
m
e
a
t
th

e
tw

o
p
h
a
ses.

in
te

g
ra

tio
n

tim
e
,
in

a
g
re

e
m
e
n
t
w
ith

th
e

fi
n
d
in
g

in
S
h
a
n
n
o
n

&
C
o
rd

e
s
(2

0
1
2
).

C
o
n
siste

n
t
re

su
lts

w
e
re

a
lso

fo
u
n
d

w
h
e
n

w
e

m
a
d
e

th
e

m
e
a
su

re
m
e
n
ts

w
ith

d
a
ta

fro
m

e
a
ch

1
6
-M

H
z

su
b
-b

a
n
d

in
ste

a
d

o
f
u
sin

g
th

e
fu

ll
b
a
n
d
w
id
th

.
T
h
e
p
h
ase

jitter
of

in
tegrated

p
rofi

les
is
u
su
ally

assu
m
ed

to
follow

a
G
au

ssian
d
istrib

u
tion

.
H
ow

ever,
if
sin

gle
p
u
lses

are
n
ot

n
orm

ally
d
istrib

u
ted

in
rotation

al
p
h
ase,

th
e
resu

lt-
in
g
jitter

n
oise

is
likely

to
d
ev
iate

from
G
au

ssian
n
oise,

esp
e-

cially
w
h
en

th
e
n
u
m
b
er

of
averaged

p
u
lses

is
n
ot

su
ffi
cien

tly
large.

F
or

P
S
R

J1713+
0747,

th
e
asy

m
m
etric

o
ccu

rren
ce

rate
of

sin
gle

p
u
lses

in
rotation

al
p
h
ase

is
clear

from
F
ig.

5,
w
h
ich

w
as

also
sh
ow

n
in

S
h
an

n
on

&
C
ord

es
(2012).

T
o
fu
rth

er
in
-

vestigate
th
e
n
atu

re
of

th
e
jitter

n
oise,

w
e
p
ro
d
u
ced

tim
-

c⃝
0
0
0
0
R
A
S
,
M
N
R
A
S
0
0
0
,
0
0
0
–
0
0
0

S
in
gle

pulses
of

P
S
R

J1713+
0747

7
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0
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15
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Tim
e lag (µs)

0.9 1

0
1

2

F
ig
u
re

9
.
A
v
era

g
ed

A
C
F
o
f
a
ll
sin

g
le

p
u
lses

(so
lid

lin
e)

co
m
p
a
red

w
ith

th
e
A
C
F

o
f
th

e
av

era
g
ed

p
ro
fi
le

(d
a
sh

ed
lin

e).
T
h
e
in
n
er

p
a
n
el

sh
ow

s
a
zo

o
m
ed

v
ersio

n
o
f
th

e
p
lo
t
in

th
e
0
−

2
µ
s
ra
n
g
e.

H
ere

w
e
reta

in
ed

th
e
h
ig
h
est

tim
e
reso

lu
tio

n
o
f
1
4
0
n
s
fo
r
th

e
p
ro
fi
les.

3
.2

S
in
g
le

p
u
lse

p
o
la
risa

tio
n

T
h
e
p
olarisation

p
rop

erties
of

sin
gle

p
u
lses

from
M
S
P
s
h
ave

n
ot

b
een

w
id
ely

in
vestigated

b
y
p
rev

iou
s
stu

d
ies

d
u
e
to

b
oth

th
e
lack

of
sen

sitiv
ity

an
d
h
ard

w
are

con
strain

ts.
W

ith
th
e

coh
eren

tly
ad

d
ed

voltage
d
ata

as
record

ed
b
y
L
E
A
P
,
it

w
as

p
ossib

le
to

retain
fu
ll
p
olarisation

in
form

ation
for

all
sin

gle
p
u
lses

w
ith

p
rop

er
calib

ration
.
E
x
am

p
le
p
olarisation

p
rofi

les
can

b
e
fou

n
d

in
F
ig.

10,
w
h
ere

w
e
sh
ow

th
e
n
in
e
h
igh

est-
S
/N

p
u
lses.

W
e
fou

n
d
th
at

all
th
ese

p
u
lses

sh
ow

sign
ifi
can

t
lin

ear
p
olarisation

,
w
h
ose

fraction
w
ith

resp
ect

to
th
e
to-

tal
in
ten

sity
ap

p
ears

to
b
e
h
igh

er
w
h
en

com
p
ared

w
ith

th
e

in
tegrated

p
rofi

le
(F

ig.
2).

T
h
is

in
d
icates

th
at

th
e
p
olarisa-

tion
fraction

m
ay

d
ep

en
d

on
th
e
b
righ

tn
ess

of
th
e
p
u
lses.

F
or

fu
rth

er
in
vestigation

,
in

F
ig.

11
w
e
grou

p
ed

th
e
sin

gle
p
u
lses

b
ased

on
th
eir

p
eak

fl
u
x
d
en

sity
an

d
calcu

lated
th
e

p
olarisation

fraction
s
from

th
eir

averages.
T
h
e
b
ias

in
lin

ear
an

d
circu

lar
p
olarisation

w
as

corrected
follow

in
g
S
im

m
on

s
&

S
tew

art
(1985)

an
d
T
ib
u
rzi

et
al.

(2013).
T
h
e
rise

of
p
olar-

isation
fraction

for
b
oth

L
an

d
V

w
ith

in
creasin

g
p
eak

fl
u
x

d
en

sity
is

clearly
sh
ow

n
.
N
ote

th
at

sim
ilar

d
ep

en
d
en

ce
h
as

alread
y
b
een

seen
in

a
h
an

d
fu
l
of

can
on

ical
p
u
lsars

an
d
an

-
oth

er
M
S
P
(M

itra
et

al.
2009;

O
s!low

sk
i
et

al.
2014),

w
h
ile

an
op

p
osite

d
ep

en
d
en

ce
w
as

also
n
oticed

in
on

e
case

(X
ilou

ris
et

al.
1994).

T
h
e
P
.A

.
cu

rve
of

th
e
in
tegrated

p
rofi

le
in

F
ig.

2
sh
ow

s
a

few
d
iscon

tin
u
ities

of
ap

p
rox

im
ately

90
d
eg

d
iff
eren

ce,
w
h
ich

u
su
ally

in
d
icates

th
e
ex
isten

ce
of

orth
ogon

al
p
olarisation

m
o
d
es

(O
P
M
s).

F
ollow

in
g
G
il
&

L
y
n
e
(1995)

an
d
O
s!low

sk
i

et
al.

(2014),
in

F
ig.

12
w
e
calcu

lated
th
e
p
rob

ab
ility

d
en

si-
ty

d
istrib

u
tion

of
P
.A

.
m
easu

red
from

sin
gle

p
u
lse

d
ata,

an
d

com
p
ared

w
ith

th
e
P
.A

.
sw

in
g
ob

tain
ed

from
th
e
in
tegrated

p
rofi

le
(F

ig.
2).

H
ere

w
e
on

ly
u
sed

sam
p
les

w
ith

a
corre-

sp
on

d
in
g
lin

ear
in
ten

sity
ex
ceed

in
g
3-σ

of
d
etection

.
F
or

a
given

p
h
ase,w

e
form

ed
th
e
n
u
m
b
er

d
en

sity
d
istrib

u
tion

w
ith

each
cou

n
t
w
eigh

ted
b
y
th
e
in
verse

of
its

m
easu

rem
en

t
vari-

an
ce,

an
d
n
orm

alised
th
e
d
istrib

u
tion

b
y
its

su
m
.
T
h
e
P
.A

.
valu

es
of

th
e
sin

gle
p
u
lses

b
etw

een
p
h
ase

0.494
an

d
0.530

(m
o
d
e
2)

w
ere

fou
n
d
to

b
e
rotated

b
y
90

d
eg

com
p
ared

to
ad

jacen
t
p
h
ase

ran
ges

(m
o
d
e
1),

w
h
ich

corresp
on

d
s
to

th
e

0.3

0.35

0.4

0.45

0.5

L/I

0

0.05

0.1

1
2

3
4

5
6

7
8

9
10

Peak / M
ean Peak

Polarisation fraction

|V|/I

F
ig
u
re

1
1
.
P
o
la
risa

tio
n

fra
ctio

n
s
o
f
lin

ea
r
(to

p
)
a
n
d

circu
la
r

(b
o
tto

m
)
co

m
p
o
n
en

t,
a
s
a
fu
n
ctio

n
o
f
rela

tiv
e
p
ea

k
fl
u
x

d
en

si-
ty

o
f
sin

g
le

p
u
lses.

Phase

P.A. (deg)

 0.35
 0.4

 0.45
 0.5

 0.55
 0.6

 0.65
 0.7

-90  0

 90

 180

 270

-4 -3.5

-3 -2.5

-2 -1.5

-1

F
ig
u
re

1
2
.
L
o
n
g
itu

d
e-reso

lv
ed

p
ro
b
a
b
ility

d
en

sity
d
istrib

u
tio

n
o
f
P
.A

.
va

lu
es

fro
m

sin
g
le

p
u
lses

in
lo
g
-sca

le.
T
h
e
va

lu
es

w
ere

selected
if
th

e
co

rresp
o
n
d
in
g
lin

ea
r
p
o
la
risa

tio
n
ex

ceed
s
3
-σ

.
T
h
e

cro
sses

rep
resen

t
th

e
m
a
x
im

u
m

o
f
p
ro
b
a
b
ility

fo
r
ea

ch
p
h
a
se

b
in
.

T
h
e
so
lid

lin
e
sh

ow
s
th

e
P
.A

.
cu

rv
e
fro

m
th

e
in
teg

ra
ted

p
ro
fi
le.

N
o
te

th
a
t
b
etw

een
p
h
a
se

0
.5
9
a
n
d
0
.6
0
th

ere
is

n
o
ava

ila
b
le

P
.A

m
ea

su
rem

en
t
d
u
e
to

th
e
la
ck

o
f
su

ffi
cien

t
lin

ea
r
in
ten

sity.
A
ll
P
.A

.
va

lu
es

w
ere

p
lo
tted

tw
ice

(w
ith

3
6
0
d
eg

sep
a
ra
tio

n
)
fo
r
cla

rity.

tw
o
ju
m
p
s
in

th
e
P
.A

.
cu

rve
of

th
e
in
tegrated

p
rofi

le.
B
oth

th
e
P
.A

.
sw

in
g
in

th
e
in
tegrated

p
rofi

le
an

d
th
e
P
.A

.
d
istri-

b
u
tion

of
th
e
sin

gle
p
u
lses

sh
ow

a
rap

id
ch

an
ge

arou
n
d
p
h
ase

0.6.
H
ow

ever,
th
e
low

d
egree

of
lin

ear
p
olarisation

m
akes

it
im

p
ossib

le
to

d
istin
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o
ses

alw
ay
s
a

p
o
w
er-law

sp
ectru
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d
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b
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w
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e
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p
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r

"
Pa
b
fo
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o
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o
n
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d
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n
o
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p
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p
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n
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th
e
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d
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w
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e
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of
the

lack
of

a
theory

of
the

graviton,it
is

im
portant

to
have

upper
lim

its
based

on
differentphenom

enologicalim
plications

ofgraviton
m

ass.
T

he
m

ass
lim

it
of

Finn
&

Sutton
(2002)

is
based

on
the

effectof
graviton

m
ass

on
the

generation
of

G
W

s,noton
their

propagation,butthe
dispersion

relation
for

propagation
is

also
an

im
portantindependentapproach

to
a

m
ass

lim
it,as

has
been

recently
suggested

by
a

num
ber

of
groups

(W
ill1998;

L
arson

&
H

iscock
2000;

C
utler

et
al.

2003;
Stavridis

&
W

ill
2009).

Q
uestions

about
this

m
ethod

are
tim

ely
since

the
detection

of
G

W
s

is
expected

in
the

near
future,thanks

to
the

progress
w

ith
presentground-based

laserinterferom
eters,possible

future
space-based

interferom
eters

(H
ough

&
R

ow
an

2000;
H

ough
et

al.
2005),

and
pulsar

tim
ing

array
projects

(Sallm
en

et
al.

1993;
Stappers

et
al.

2006;
M

anchester
2006;

H
obbs

et
al.

2009b).
T

he
pulsar

tim
ing

array
is

a
unique

technique
to

detect
nano-H

ertz
G

W
s

by
tim

ing
m

illisecond
pulsars,

w
hich

are
very

stable
celestial

clocks.
It

turns
out

that
a

stochastic
G

W
background

leaves
an

angular-dependent
correlation

in
pulsar

tim
ing

residuals
for

w
idely

spaced
pulsars

(H
ellings

&
D

ow
ns

1983;
L

ee
et

al.
2008).

T
hat

is,
the

correlation
C

(θ)
betw

een
tim

ing
residualofpulsarpairsisa

function
ofangularseparation

θ
betw

een
the

pulsars.O
ne

can
analyze

the
tim

ing
residualand

testsuch
a

correlation
betw

een
pulsartim

ing
residuals

to
detect

G
W

s(Jenetetal.2005).W
e

find
in

thispaperthatifthe
graviton

m
ass

is
not

zero,the
form

of
C

(θ)
is

very
different

from
that

given
by

general
relativity.

T
hus,

by
m

easuring
this

graviton
m

ass-dependent
correlation

function,
w

e
can

also
detect

the
m

assive
graviton.

T
he

outline
of

this
paper

is
as

follow
s.

T
he

m
ass

of
the

graviton
is

related
to

the
dispersion

of
G

W
s

in
Section

2.T
he

pulsar
tim

ing
responses

to
a

plane
G

W
and

to
a

stochastic
G

W
background

in
the

case
of

a
m

assive
graviton

are
calculated

in
Section

3.
T

he
m

assive
graviton

induces
effects

on
the

shape
of

the
pulsar

tim
ing

correlation
function,

w
hich

is
derived

in
Section

4,w
hile

the
detectability

ofa
m

assive
G

W
background

is
studied

in
Section

5.T
he

algorithm
to

detecta
m

assive
graviton

using
a

pulsartim
ing

array
and

the
sensitivity

ofthatalgorithm
are

exam
ined

in
Section

6.W
e

discuss
severalrelated

issues
and

conclude
in

Section
7.

2.G
R

AV
ITA

T
IO

N
A

L
W

AV
E

S
W

IT
H

M
A

SSIV
E

G
R

AV
IT

O
N

S

W
e

incorporate
the

m
assive

graviton
into

the
linearized

w
eak

field
theory

ofgeneralrelativity
(G

upta
1952;A

rnow
itt&

D
eser

1959;
W

einberg
1972).

For
linearized

G
W

s,
specifying

the
graviton

m
ass

is
equivalent

to
specifying

the
G

W
dispersion

relation
thatfollow

s
from

the
specialrelativistic

relationship:

E
2=

p
2c

2
+

m
2c

4,
(1)

w
here

c
is

the
lightvelocity,E

is
energy

of
the

particle,and
p

and
m

are
the

particle’s
m

om
entum

and
restm

ass,respectively.
O

ne
can

derive
the

corresponding
dispersion

relation
from

E
quation

(1)
by

replacing
the

m
om

entum
by

p
=

h̄k
g

and
the

energy
by

E
=

h̄
ω

g ,w
here

h̄
isthe

reduced
Planck

constantw
ith

k
g

and
ω

g ,respectively,the
G

W
w

ave
vector

and
the

angular
frequency.W

ith
these

replacem
ents,the

dispersion
relation

for
a

m
assive

vacuum
G

W
graviton

propagating
in

the
z

direction
reads

k
g (ω

g )=
(ω

2g −
ω

2cut )
12

c
ê
z
,

(2)

w
here

ê
z isthe

unitvectorin
the

z
direction.Ifthe

G
W

frequency
ω

g
is

less
than

the
cutoff

frequency
ω

cut
≡

m
g c

2/h̄,
then

the
w

ave
vector

becom
es

im
aginary,

indicating
that

the
w

ave
attenuates

and
does

notpropagate.(T
he

equivalentphenom
ena

forelectrom
agnetic

w
avescan

be
found

in
Section

87
ofL

andau
&

L
ifshitz

1960.)
A

ta
spacetim

e
point(t,r),the

spatialm
etric

perturbation
due

to
a

m
onochrom

atic
G

W
is

h
a
b (t,r)=

ℜ
[

∑P
=

+
,×

A
P
ϵ

Pa
b e

i[ω
g t−

r·k
g (ω

g )] ]

,
(3)

w
here

ℜ
indicates

the
realpart,and

w
here

the
a
,
b

range
over

spacetim
e

indices
from

0
to

3.
T

he
sum

m
ation

is
perform

ed
over

the
polarizations

of
the

G
W

.
Since

w
e

are
not

assum
ing

that
general

relativity
is

the
theory

of
gravitation,

w
e

could,
in

principle,
have

as
m

any
as

six
polarization

states.
For

definiteness,
how

ever,
and

to
m

ost
clearly

show
how

pulsar
tim

ing
probes

graviton
m

ass,
w

e
w

ill
confine

ourselves
in

this
paper

to
only

the
tw

o
standard

polarization
m

odes
of

generalrelativity,denoted
+

and
×

,the
usual“T

T
”

gauge
(see

A
ppendix

A
for

the
details).T

hus,the
polarization

index
takes

on
only

the
values

P
=

+
,×

,
w

ith
A

P
and

ϵ
P

standing
for

the
am

plitude
and

polarization
tensors

for
the

tw
o

transverse
traceless

m
odes.

T
he

polarization
tensor

ϵ
P

is
described

in
term

s
of

an
orthonorm

al
three-dim

ensional
fram

e
associated

w
ith

the
G

W
propagating

direction.
L

et
the

unit
vector

in
the

direction
of

G
W

propagation
be

ê
z ;w

e
can

choose
the

other
tw

o
m

utually
orthogonal

unit
vectors

ê
x ,ê

y
to

be
both

perpendicular
to

ê
z .

In
term

s
of

these
three

vectors,ê
z ,ê

x ,and
ê
y ,the

polarization
tensors

are
given

asϵ
+a
b =

ê
x
a ê

x
b −

ê
y
a ê

y
b ,

ϵ
+a
b =

ê
x
a ê

y
b

+
ê
y
a ê

x
b
.

(4)

Since
the

polarization
tensors

are
purely

spatial,
w

e
w

ill
have

only
spatial

com
ponents

of
the

m
etric

perturbations.For
a

stochastic
G

W
background,these

m
etric

perturbations
are

a
superposition

of
m

onochrom
atic

G
W

s
w

ith
random

phase
and

am
plitude

and
can

be
w

ritten
as

h
ij (t,

r
i)=

∑P
=

+
,× ∫

∞−
∞
df

g ∫
dΩ

h
P

(f
g ,ê

z )
ϵ

Pij (ê
z )e

i[ω
g t−

k
g (ω

g )·r],

(5)
w

here
f

g
=

ω
g /2

π
is

the
G

W
frequency,Ω

is
solid

angle,
spatial

indices
i,

j
run

from
1

to
3,

and
h

P
is

the
am

plitude
of

the
G

W
propagating

in
the

direction
of

ê
z

per
unit

solid
angle,

per
unit

frequency
interval,

in
polarization

state
P

.
If

the
G

W
background

is
isotropic,stationary,and

independently
polarized,w

e
can

define
the

characteristic
strain

h
Pc

according
to

M
aggiore

(2000)and
L

ee
etal.(2008),and

can
w

rite

⟨h
P

(f
g ,ê

z )h
⋆P

′(f
′g ,ê

z ′)⟩=
∣∣h

Pc ∣∣ 2

16
π
f

g
δ
P

P
′δ(f

g −
f

′g )δ(ê
z −

ê ′z ),(6)
w

here
the

⋆
stands

for
the

com
plex

conjugate
and

⟨⟩
is

the
statisticalensem

ble
average.T

he
sym

bol
δ
P

P
′is

the
K

ronecker
delta

for
polarization

states;
δ
P

P
′

=
0

w
hen

P
and

P
′

are
different,

and
δ
P

P
′

=
1

w
hen

P
and

P
′

are
the

sam
e.

W
ith

the
relationships

above,one
can

show
that

⟨h
a
b (t)h

a
b (t)⟩=

∑P
=

+
,×

∫
∞0

∣∣h
Pc ∣∣ 2

f
g

df
g .

(7)
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of
the

lack
of

a
theory

of
the

graviton,it
is

im
portant

to
have

upper
lim

its
based

on
differentphenom

enologicalim
plications

ofgraviton
m

ass.
T

he
m

ass
lim

it
of

Finn
&

Sutton
(2002)

is
based

on
the

effectof
graviton

m
ass

on
the

generation
of

G
W

s,noton
their

propagation,butthe
dispersion

relation
for

propagation
is

also
an

im
portantindependentapproach

to
a

m
ass

lim
it,as

has
been

recently
suggested

by
a

num
ber

of
groups

(W
ill1998;

L
arson

&
H

iscock
2000;

C
utler

et
al.

2003;
Stavridis

&
W

ill
2009).

Q
uestions

about
this

m
ethod

are
tim

ely
since

the
detection

of
G

W
s

is
expected

in
the

near
future,thanks

to
the

progress
w

ith
presentground-based

laserinterferom
eters,possible

future
space-based

interferom
eters

(H
ough

&
R

ow
an

2000;
H

ough
et

al.
2005),

and
pulsar

tim
ing

array
projects

(Sallm
en

et
al.

1993;
Stappers

et
al.

2006;
M

anchester
2006;

H
obbs

et
al.

2009b).
T

he
pulsar

tim
ing

array
is

a
unique

technique
to

detect
nano-H

ertz
G

W
s

by
tim

ing
m

illisecond
pulsars,

w
hich

are
very

stable
celestial

clocks.
It

turns
out

that
a

stochastic
G

W
background

leaves
an

angular-dependent
correlation

in
pulsar

tim
ing

residuals
for

w
idely

spaced
pulsars

(H
ellings

&
D

ow
ns

1983;
L

ee
et

al.
2008).

T
hat

is,
the

correlation
C

(θ)
betw

een
tim

ing
residualofpulsarpairsisa

function
ofangularseparation

θ
betw

een
the

pulsars.O
ne

can
analyze

the
tim

ing
residualand

testsuch
a

correlation
betw

een
pulsartim

ing
residuals

to
detect

G
W

s(Jenetetal.2005).W
e

find
in

thispaperthatifthe
graviton

m
ass

is
not

zero,the
form

of
C

(θ)
is

very
different

from
that

given
by

general
relativity.

T
hus,

by
m

easuring
this

graviton
m

ass-dependent
correlation

function,
w

e
can

also
detect

the
m

assive
graviton.

T
he

outline
of

this
paper

is
as

follow
s.

T
he

m
ass

of
the

graviton
is

related
to

the
dispersion

of
G

W
s

in
Section

2.T
he

pulsar
tim

ing
responses

to
a

plane
G

W
and

to
a

stochastic
G

W
background

in
the

case
of

a
m

assive
graviton

are
calculated

in
Section

3.
T

he
m

assive
graviton

induces
effects

on
the

shape
of

the
pulsar

tim
ing

correlation
function,

w
hich

is
derived

in
Section

4,w
hile

the
detectability

ofa
m

assive
G

W
background

is
studied

in
Section

5.T
he

algorithm
to

detecta
m

assive
graviton

using
a

pulsartim
ing

array
and

the
sensitivity

ofthatalgorithm
are

exam
ined

in
Section

6.W
e

discussseveralrelated
issuesand

conclude
in

Section
7.

2.G
R

AV
ITA

T
IO

N
A

L
W

AV
E

S
W

IT
H

M
A

SSIV
E

G
R

AV
ITO

N
S

W
e

incorporate
the

m
assive

graviton
into

the
linearized

w
eak

field
theory

ofgeneralrelativity
(G

upta
1952;A

rnow
itt&

D
eser

1959;
W

einberg
1972).

For
linearized

G
W

s,
specifying

the
graviton

m
ass

is
equivalent

to
specifying

the
G

W
dispersion

relation
thatfollow

s
from

the
specialrelativistic

relationship:

E
2=

p
2c

2
+

m
2c

4,
(1)

w
here

c
is

the
lightvelocity,E

is
energy

of
the

particle,and
p

and
m

are
the

particle’s
m

om
entum

and
restm

ass,respectively.
O

ne
can

derive
the

corresponding
dispersion

relation
from

E
quation

(1)
by

replacing
the

m
om

entum
by

p
=

h̄k
g

and
the

energy
by

E
=

h̄
ω

g ,w
here

h̄
isthe

reduced
Planck

constantw
ith

k
g

and
ω

g ,respectively,the
G

W
w

ave
vector

and
the

angular
frequency.W

ith
these

replacem
ents,the

dispersion
relation

for
a

m
assive

vacuum
G

W
graviton

propagating
in

the
z

direction
reads

k
g (ω

g )=
(ω

2g −
ω

2cut )
12

c
ê
z
,

(2)

w
here

ê
z isthe

unitvectorin
the

z
direction.Ifthe

G
W

frequency
ω

g
is

less
than

the
cutoff

frequency
ω

cut
≡

m
g c

2/h̄,
then

the
w

ave
vector

becom
es

im
aginary,

indicating
that

the
w

ave
attenuates

and
does

notpropagate.(T
he

equivalentphenom
ena

forelectrom
agnetic

w
avescan

be
found

in
Section

87
ofL

andau
&

L
ifshitz

1960.)
A

ta
spacetim

e
point(t,r),the

spatialm
etric

perturbation
due

to
a

m
onochrom

atic
G

W
is

h
a
b (t,r)=

ℜ
[

∑P
=

+
,×

A
P
ϵ

Pa
b e

i[ω
g t−

r·k
g (ω

g )] ]

,
(3)

w
here

ℜ
indicates

the
realpart,and

w
here

the
a
,
b

range
over

spacetim
e

indices
from

0
to

3.
T

he
sum

m
ation

is
perform

ed
over

the
polarizations

of
the

G
W

.
Since

w
e

are
not

assum
ing

that
general

relativity
is

the
theory

of
gravitation,

w
e

could,
in

principle,
have

as
m

any
as

six
polarization

states.
For

definiteness,
how

ever,
and

to
m

ost
clearly

show
how

pulsar
tim

ing
probes

graviton
m

ass,
w

e
w

ill
confine

ourselves
in

this
paper

to
only

the
tw

o
standard

polarization
m

odes
of

generalrelativity,denoted
+

and
×

,the
usual“T

T
”

gauge
(see

A
ppendix

A
for

the
details).T

hus,the
polarization

index
takes

on
only

the
values

P
=

+
,×

,
w

ith
A

P
and

ϵ
P

standing
for

the
am

plitude
and

polarization
tensors

for
the

tw
o

transverse
traceless

m
odes.

T
he

polarization
tensor

ϵ
P

is
described

in
term

s
of

an
orthonorm

al
three-dim

ensional
fram

e
associated

w
ith

the
G

W
propagating

direction.
L

et
the

unit
vector

in
the

direction
of

G
W

propagation
be

ê
z ;w

e
can

choose
the

other
tw

o
m

utually
orthogonal

unit
vectors

ê
x ,ê

y
to

be
both

perpendicular
to

ê
z .

In
term

s
of

these
three

vectors,ê
z ,ê

x ,and
ê
y ,the

polarization
tensors

are
given

asϵ
+a
b =

ê
x
a ê

x
b −

ê
y
a ê

y
b ,

ϵ
+a
b =

ê
x
a ê

y
b

+
ê
y
a ê

x
b
.

(4)

Since
the

polarization
tensors

are
purely

spatial,
w

e
w

ill
have

only
spatial

com
ponents

of
the

m
etric

perturbations.For
a

stochastic
G

W
background,these

m
etric

perturbations
are

a
superposition

of
m

onochrom
atic

G
W

s
w

ith
random

phase
and

am
plitude

and
can

be
w

ritten
as

h
ij (t,

r
i)=

∑P
=

+
,× ∫

∞−
∞
df

g ∫
dΩ

h
P

(f
g ,ê

z )
ϵ

Pij (ê
z )e

i[ω
g t−

k
g (ω

g )·r],

(5)
w

here
f

g
=

ω
g /2

π
is

the
G

W
frequency,Ω

is
solid

angle,
spatial

indices
i,

j
run

from
1

to
3,

and
h

P
is

the
am

plitude
of

the
G

W
propagating

in
the

direction
of

ê
z

per
unit

solid
angle,

per
unit

frequency
interval,

in
polarization

state
P

.
If

the
G

W
background

is
isotropic,stationary,and

independently
polarized,w

e
can

define
the

characteristic
strain

h
Pc

according
to

M
aggiore

(2000)and
L

ee
etal.(2008),and

can
w

rite

⟨h
P

(f
g ,ê

z )h
⋆P

′(f
′g ,ê

z ′)⟩=
∣∣h

Pc ∣∣ 2

16
π
f

g
δ
P

P
′δ(f

g −
f

′g )δ(ê
z −

ê ′z ),(6)
w

here
the

⋆
stands

for
the

com
plex

conjugate
and

⟨⟩
is

the
statisticalensem

ble
average.T

he
sym

bol
δ
P

P
′is

the
K

ronecker
delta

for
polarization

states;
δ
P

P
′

=
0

w
hen

P
and

P
′

are
different,

and
δ
P

P
′

=
1

w
hen

P
and

P
′

are
the

sam
e.

W
ith

the
relationships

above,one
can

show
that

⟨h
a
b (t)h

a
b (t)⟩=

∑P
=

+
,×

∫
∞0

∣∣h
Pc ∣∣ 2

f
g

df
g .

(7)
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F
igure

2.A
tlas

for
cross-correlation

functions
C

(θ).T
he

labelof
each

curve
indicates

the
corresponding

graviton
m

ass
in

units
of

electron
volts

(eV
).T

he
leftpanel

show
s

the
correlation

functions
for

a
5

year
bi-w

eekly
observation.

T
he

right
panel

show
s

correlation
functions

for
10

years
of

bi-w
eekly

observations.
W

e
take

α
=

−
2
/3

forthese
results.T

hese
correlations

are
norm

alized
such

that
C

(0)=
0
.5

fortw
o

differentpulsars.

m
runs

from
1

to
the

num
berofpulsarpairs

M
=

(N
p −

1)N
p /2,

because
the

autocorrelations
are

notused.
Follow

ing
Jenetetal.(2005),w

e
define

ρ
=

∑
Mm

=
1 (C

(θ
m

)−
C

)(c(θ
m

)−
c)

√
∑

Mm
=

1 (C
(θ

m
)−

C
) 2 ∑

Mm
=

1 (c(θ
m

)−
c) 2

,
(21)

w
here

C
=

∑
Mm

=
1
C

(θ
m

)/M
and

c
=

∑
Mm

=
1
c(θ

m
)/M

.
T

hen
the

statistic
S,

describing
the

significance
of

the
detection,

is
S

=
√

M
ρ

.In
particular,w

hen
there

is
no

G
W

present,
c(θ

m
)

w
ill

be
G

aussian-like
w

hite
noise,the

probability
of

getting
a

detection
significance

largerthan
S

isabouterfc(S
/ √

2)/2
(Jenet

etal.2005).
O

ur
aim

is
to

determ
ine

the
ability

of
a

given
pulsar

tim
ing

array
configuration

to
detect

a
G

W
background.

To
do

this,
w

e
calculate

the
expected

value
for

the
detection

significance
S

by
using

a
second

set
of

M
onte

C
arlo

sim
ulations.

T
hese

second
M

onte
C

arlo
sim

ulations
are

sim
ilarto

the
firstones,but

instead
ofcalculating

the
average

value
for

C
(θ),w

e
injectw

hite
noise

foreach
pulsar,to

representthe
intrinsic

pulsarnoise
and

instrum
ental

noise,
and

w
e

calculate
the

expected
value

of
S.

W
e

sum
m

arize
the

follow
ing

steps
here.

1.
G

enerate
a

large
num

ber
of

G
W

sources
(10

4)
to

sim
ulate

the
required

G
W

background.
2.

C
alculate

the
tim

ing
residual

for
each

pulsar
as

described
above

and
add

w
hite

G
aussian

noise.
3.

C
alculate

the
m

easured
correlation

c(θ
m

)
using

E
quation

(20)
and

calculate
the

detection
significance

S
using

E
quation

(21).
4.

R
epeat

steps
1–3

and
average

over
the

detection
signifi-

cance
S.T

he
converged

S
is

the
value

needed
to

estim
ate

the
detection

significance.

T
he

resultsforthe
expectation

value
ofS,asa

function
ofG

W
am

plitude
A

c
forvarious

pulsartim
ing

array
configurations,are

presented
in

Figure
3.W

e
have

also
com

pared
sim

ulations
from

severaldifferentpulsarsam
plesw

ith
the

sam
e

num
berofpulsars

to
m

ake
sure

such
S

is
notsensitive

to
the

detailed
configuration

ofthe
pulsarsam

ples.
Tw

o
features

ofthe
curves

in
Figure

3
are

w
orth

noting.First,
the

m
inim

aldetection
am

plitude
ofa

G
W

background
becom

es

−18
−16

−14
−12

−10
0 5

10 15

m
 g =0

m
 g =2x10

−23

m
 g =5x10

−23

m
 g =1x10

−22

m
 g =5x10

−22

m
 g =2x10

−21

log(A
c )

S

F
igure

3.E
xpected

G
W

background
detection

significance
using

a
pulsartim

ing
array

w
ith

20
pulsars,

observed
for

5
years,

w
ith

100
ns

tim
ing

noise.
T

he
graviton

m
ass,in

units
ofelectron

volts,is
labeled

above
each

curve.T
he

x-axis
isthe

am
plitude

forthe
characteristic

strain
ofthe

G
W

background
(f

0
=

1
yr −

1,
α

=
−

2
/3),w

hile
the

y-axis
is

the
expected

detection
significance

S.

larger,w
hen

a
m

assive
graviton

is
present,i.e.,the

leading
edge

of
the

S–A
c

curve
shifts

rightw
ards

as
m

g
is

m
ade

larger.T
his

tells
us

thatin
order

to
detecta

m
assive

G
W

background,one
needs

a
stronger

G
W

background
signal

or
a

sm
aller

pulsar
intrinsic

noise
than

in
the

case
of

a
m

assless
G

W
background.

A
s

previously
noted,this

effectis
m

ainly
due

to
the

reduction
of

the
pulsar

tim
ing

response
and

the
reduction

of
the

G
W

am
plitude

atlow
er

frequencies.Figure
3

also
tells

us
w

hen
w

e
can

neglect
the

effect
of

a
m

assive
graviton.

It
is

clear
from

Figure
3

that
if

m
g

!
2

×
10

−
23

eV
for

a
5

year
observation,

the
m

inim
al

detection
am

plitude
is

not
reduced

by
m

ore
than

5%
.For10

years
ofobservation,a

5%
reduction

corresponds
to

m
g =

10
−

23
eV

.
T

he
second

notew
orthy

feature
ofthe

S–A
c curves

in
Figure

3
is

that
of

the
saturation

level
of

detection
significance.D

ue
to

the
pulsardistance

term
ofE

quation
(11)(the

term
involving

the
D

),the
detection

significance
achieves

a
saturation

levelw
hen

the
G

W
-induced

tim
ing

residuals
are

m
uch

stronger
than

the
intrinsic

pulsar
tim

ing
noise

(Jenetetal.2005).From
Figure

3,
w

e
note

thatthe
saturation

levelofdetection
significance

islarge,

T
e
s
Q
n
g
(t
h
e
(p
r
o
p
e
r
Q
e
s
(o
f
(g
r
a
v
it
o
n
s
(w
it
h
(t
h
e
(S
K
A
K
P
T
A
(

Polariza3on!m
odes!–!Spin!2?!

Dispersion!rela3on:!m
assive!graviton?!

Lee et al.( 2008) 

Lee et al. (2010) 
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E
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t
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o
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o
m
y(

• Introduc3on!
• Pulsars!&

!binaries:!tes3ng!GR!and!its!alterna3ves!
• Pulsar!Tim

ing!Arrays!(PTAs):!detec3ng!GW
s!

• Event!Horizon!Telescope/BlackHoleCam
:!im

aging!a!BH!
• Conclusions!



T
h
e
(u
lQ
m
a
t
e
(s
y
s
t
e
m
:
(P
S
R
K
B
H
(

• 
W
e'd!like!to!trace!the!space3m

e!around!a!black!hole!–!ideally!in!a!clean!w
ay!!

• 
In!a!perfect!w

orld,!w
e!have!a!clock!around!it…

!
• 

…
in!a!nearly!perfect!w

orld,!w
e!have!a!pulsar!!

!• 
BH!proper3es!from

!spin-orbit!coupling:!

[W
ex!&

!Kopeikin!1999;!Liu!2012;!Liu(et(al.(2014!]!

B
H
(m

ass(w
ith(precision(<(0.1%

�

B
H
(spin(w

ith(precision(<(1%
�

Cosm
ic(Censorship:(S(<(G

M
2/c�

W
here!or!how

!do!w
e!find!one?!

!!!!-!Find!"all"!pulsars!w
ith!the!SKA!

!!!-!or!look!w
here!you!know

!a!black!hole!to!be...

W
ith!a!fast!m

illisecond!pulsar!!
about!a!10-30!M

" BH,!w
e!!

prac3cally!need!the!SKA:
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A
(w
e
llK
k
n
o
w
n
(s
u
p
e
r
K
m
a
s
s
iv
e
(B
la
c
k
(H
o
le
(

R
ad

io
 (8

.5
 G

H
z
)

X
-ray

 (0
.5−

7
 k

eV
)

IR
 (1

.2
5

 µ
m

)

N

E

N

E

N

E

M
ass:!

Spin:!
 [ Genzel et al. 2003, 2008; 
   A

schenbach et al. 2004; 
   Belanger et al. 2006;  
   A

schenbach 2010 ] 

![!Gillesen!et!al.!2008!]!

From
!astrom

etry!of!orbi3ng!stars::! M
PE/Cologne!

U
CLA!

From
!W

harton!et!al.!(2013)!
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(R
e
la
Q
v
is
Q
c
(e
ff
e
c
t
s
(f
o
r
(a
(p
u
ls
a
r
(o
r
b
it
(a
r
o
u
n
d
(S
g
r
(A
*
(

Sem
i-m

ajor!axis:!
!!!!!!!!!!!72!AU

!=!860!R
S!

Pericenter!distance:!
!!!!!!!!!!!36!AU

!=!430!R
S!

Pericenter!velocity:
!!!!!!!!!!!0.042!c!(~!20!×!Double!Pulsar)!

!Pericenter!advance:!
!1pN

:
!2.8!!!!!deg/yr,!!!!!

!ΔL!~!1.8!AU
/yr!

!2pN
:

!0.014!deg/yr,
!ΔL!~!1,400,000!km

/yr!
!Einstein!delay:!
!1pN

:
!15!m

in!
!2pN

:
!1.6!s!

!Propaga3on!delay!(i!=!0°!/!i!=!80°):!
!Shapiro!1pN

:
!!!!!!!!46.4!s!!!/!!246.9!s!

!Shapiro!2pN
:

!!!!!!!!!0.2!s!!!!!/!!!!!!!8.0!s!!
!Fram

e!dragging:
!!!!!!!!!0.1!s!!!!/!!!!!!!6.5!s!

!Bending!delay!(P!=!1s):!!!!!!0.2!m
s!/!!!!!!4.2!m

s!
!Lense-Thirring!precession:!
!O
rbital!plane!!Ω

LT!!:
!0.052!deg/yr,!!ΔL!~!10

7!km
/yr!

!Sim
ilar!contribu3on!to!

Geod.!precession!1.4!deg/yr!

→
 

Pulsar!in!a!0.3!yr!eccentric!!
(e=0.5)!orbit!around!Sgr!A*!
!



F
u
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K
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Q
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n
(o
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p
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o
m
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u
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a
r
(o
r
b
it
(

-!W
e!can!m

easure!the!m
ass!of!Sgr!A*!to!precision!of!~!1M

" !

-!!O
rbital!varia3on!of!pulsar!orbit!due!to!Lense-Thirring!gives!2-D!projec3on!(Liu!et!al.!2012)!

-!Rela3ve!m
o3on!of!pulsar!orbit/SGR!A*!to!SSB!gives!3

rd!direc3on!(Psal3s,!W
ex!&

!M
K!'15)!!

 
!

!Full!3-D!orienta3on!plus!m
agnitude!to!about!~0.1%

.!!

SΥ

K
0

r

φ λ

P
b =1yr,!e=0.8,!i=60

o,!ω
=45

o!

Ω
=0

o,!!!Ω
!=90

o!
PW

K15!



T
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(

Pulsar!in!a!0.1!yr!orbit!around!Sgr!A*:!
!-!Secular(precession!caused!by!quadrupole!is!2!orders!of!m

agnitude!below
!!

!!!!fram
e!dragging,!but!it!is!not!separable!from

!fram
e-dragging!

-!Fortunately,!quadrupole!leads!to!characterisE
c(periodic(residuals!!

!Q
!to!about!1%

!

N
o-hair!theorem

!!⇒
!!Q

!=!-S
2/M

(((units!w
here!c=G=1)!

PW
K15!

A!single!(even!norm
al)!pulsar!is!suffi

cient!

Χ=1�
Χ=0.2�
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(

• 
Even!in!case!of!stellar!perturba3ons!–!w

hich!w
ill!act!aw

ay!from
!periapsis!–!!

!!!!w
e!can!use!par3al!orbit!observa3ons!!!
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K!(2016)!
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K!(2016)!



Blocked!in!the!op3cal!–!but!visible!at!radio!frequencies!!
See!Falcke!et!al.!(2000)!for!the!ini3al!idea!how

,w
e!could!see!the!„shadow

“!

Im
age by H

. Falcke 

R
S

=
2G

m

c
2

=
3km

⇥
m

(M
�

)

2.6!x!10
10!m

!

Im
a
g
e
(o
f
(t
h
e
(s
h
a
d
o
w
(o
f
(t
h
e
(e
v
e
n
t
(h
o
r
iz
o
n
(



Im
a
g
e
(o
f
(t
h
e
(s
h
a
d
o
w
(o
f
(t
h
e
(e
v
e
n
t
(h
o
r
iz
o
n
(

-!the!shorter!the!w
avelength,!the!sm

aller!the!radio!source!(scaYering!)!
-!at!λ=1.3!m

m
!the!radio!source!becom

es!the!size!of!the!event!horizon:!
-!the!event!horizon!shadow

!should!be!50!µas!in!diam
eter!!

-!global!m
m
-w

ave!VLBI!(EHT)!w
ith!ALM

A!has!the!resolu3on!to!study!it!!
-!see!Dim

i3ris!talk!!!

? 
sm

aller wavelengths (higher frequencies) 

technology progress (GH
z 

 TH
z) 

w
avelength 

angular size 

Figure by H
eino Falcke 
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From
!Event!Horizon!Telescope/BlackHoleCam

!im
aging!observa3ons:!
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• 
Space!3m

e!is!probed!at!different!distances!(far-field!&
!near-field)!

• 
Im

pact!of!possible!dark!m
aYer!near!BH!w

ill!be!seen.!
• 

Different!system
a3c!uncertain3es!(and!degeneracies):!!!!

!!!!!!!!!!-!Stars!+!pulsar!orbit!precession!give!spin!
!!!!!!!!!!-!Pulsar!3m

ing!gives!quadrupole!m
om

ent!
!!!!!!!!!!-!EHT!shadow

!m
ay!reveal!devia3on!from

!Kerr!value!
Com

bina3on!w
ill!lead!to!uncorrelated!m

easurem
ent!of!spin!and!quadrupole!m

om
ent!
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Torne!et!al.!(2015,!2016)!
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Fundam

ental!Physics!in!Radio!Astronom
y!

M
ax-Planck-Ins3tut!für!Radioastronom
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• 
U
nfortunately,!Einstein!did!not!live!to!see!discovery!of!pulsars!–!and!their!usage!

• 
Pulsars!probe!gravity!for!strongly!self-gravita3ng!bodies!providing!unique!tests!

• 
M
easurem

ents!are!usually!clean!and!precise!–!confirm
ing!GR!so!far!

• 
Tight!constraints!on!alterna3ve!theories!w

hich!need!to!pass!binary!pulsar!tests!
• 

W
e!have!seen!new

!never-seen-before!rela3vis3c!effects!in!the!Double!Pulsar!
• 

N
ew

!"m
ost-rela3vis3c"!binary!pulsar!discovered!–!stay!tuned!

• 
Beau3ful!new

!results!for!rela3vis3c!spin-precession!–!stay!tuned!
• 

Direct!detec3on!of!gravita3onal!w
aves!m

aybe!soon!–!also!using!pulsars!
• 

U
l3m

ately,!w
e!w

ill!probe!BH!proper3es!(plus!im
age!)!for!extrem

e!tests!of!GR!
• 

Future!telescopes!-!especially!the!M
eerKAT!&

!SKA!-!w
ill!allow

!so!m
uch!m

ore!!
!


