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Abstract: <p>Pulsars are some of physics and astrophysicsa€™ most exotic objects, and they have already earned two Nobel Prizes. We
know of about 2500 of them in our Galaxy, but a small subset, the millisecond pulsars (MSPs), are truly remarkable. These systems are not
hard to detect, yet their numbers have more than doubled in the past 5 years via surveys using the worlda€™s most sensitive<br />
telescopes, new instrumentation, and huge amounts of computing. Specialized a€cetiminga€« observations of these systems, accounting for
every one of the billions of rotations of the stars, are providing fantastic results in basic physics. In this talk I&E™II focus on the efforts to di
detect gravitational waves from super-massive black hole binaries, make strong-field tests of general relativity, and determine the nature
densest form of matter known in the universe.</p>
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What's a Millisecond Pulsar ?

Rapidly Rotating
Neutron Star!

ROTATION

RADIATION
BEAM

(300-700 times/sec!) AXIS

* R~10-15 km

« M~14-20M_

n

* B~ 10%10° Gauss

Pulses are from a
“lighthouse” type effect #

RADIATION
“Spin-down” power up to "
1000s times more than
the Sun's total output!

Credit: Bill Saxton, NRAO/AUI/NSF
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Pulsar Timing:

Unambiguously account for every rotation of a pulsar over years

Pulse Measurements
(TOAs: Times of Arrival)

Observation 1 / Obs 2

I
I\/Ieasurement - IVIodeI = Timing Residuals

Predict

each pulse
to ~200 ns
d over 2 yrs!

Residual (us)

0 1:300 400
(From Jacoby et al. 2005, ApJL, 629, 113) Time in days
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Table 1 | Physical parameters for PSR J1614-2230

Parameter

Value

Ecliptic longitude (1)

Ecliptic latitude ()

Proper motion in A

Proper motion in 8

Parallax

Pulsar spin period

Period derivative

Reference epoch (MJD)
Dispersion measure*

Orbital period

Projected semimajor axis

First Laplace parameter (esin w)
Second Laplace parameter (ecosm)

Companion mass

Sine of inclination angle

Epoch of ascending node (MJD)
Span of timing data (MJD)
Number of TOAst

Root mean squared TOA residual

Right ascension (J2000)
Declination (J2000)

Orbital eccentricity (e)
Inclination angle

Pulsar mass
Dispersion-derived distance]
Parallax distance

Surface magnetic field
Characteristic age
Spin-down luminosity

245.78827556(5)
1.256744(2)
9.79(7)masyr}
30(3)masyr !
0.5(6) mas

3.1508076534271(6) ms

9.6216(9) x 10 ?'ss !
53,600
34.4865pccm 3
8.6866194196(2)d
11.2911975(2) I;;ght S

1.1(3) x 10
1.29(3) x 10°°
0.500(6)M -
0.999894(5)
52,331.1701098(3)
52,469-55,330
2,206 (454, 1,752)
1.1ps

16h 14 min 36.5051(5)s
22° 30 31.081(7)"
1.30(4) x 10°°

89.17(2)
1.97(4wm

1.2 kpc

-0.9 kpc
1.8 x 10°G

5.2 Gyr

Demorest et al. 2010, Nature
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Table 1 | Physical parameters for PSR J1614-2230

Ask the right question...

Highly circular orbit has a radius of ~3.4 million km
(~5 x Solar radius or ~9 x Earth-Moon distance)

/1(6)ms
What is the difference in length between the semi- | s '
major and semi-minor axes? e

Orbital period

Projected semimajor axis 11.2911975(2) lig

First Laplace parameter (esinw) i :

Second Laplace parameter (ecos m) 1.29(3) x 10°°

Camnaninn mMass I 0500(6)M

0.999894(5)
...get a spectacular answer! oy

52,469-55,330

2.8 +/- 0.2 mm! 2,206 (ﬁ?i;l'm?)

Right ascension (J2000) 16h 14 min 36.5051(5)s
Declination (J2000) i *ATl
Orbital eccentricity (e)

Inclination angle ~ » ?

Pulsar mass 1.97(4)M
Dispersion-derived distance] 1.2 kpc

Parallax distance -0.9 kpc

Surface magnetic field 1.8 x 108G
Characteristic age 5.2 Gyr

Spin-down luminosity Demorest et al 201 0 Nature
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The Binary Pulsar: B1913+16

* First binary pulsar discovered at Arecibo Observatory by
Hulse and Taylor in 1974 (1975, ApJ, 195, L51)

NS-NS Binary
P, =959.03 ms

P, =7.752 hrs

a sin())/c = 2.342 It-s
e=0.6171

W = 4.2 deglyr

M, =1.3874(7) M
M, = 1.4411(7) M,

VELOCITY (km s*)

RADIAL
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The Binary Pulsar: B1913+16
Three post-Keplerian Observables: w, v, P,
Indirect detection of Gravitational Radiation!

-

-
1]
0
[1]
E
=

(-]
=
(2]
a
E
Q
&)

From Weisberg &
Taylor, 2003

Pulsar mass
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Gravitational Wave Detection with a Pulsar
Timing Array

* Need very good MSPs

Lack of good MSPs is
currently the biggest
limitation

e Must time the pulsars for

5-10 years at a precision
of ~100 nano-seconds!
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Where do these GWs come from?

Coalescing Super-Massive Black Holes
- Basically all galaxies have them

ol Masses of 10° - 10° M

- Galaxy mergers lead to BH mergers
- When BHs within 1pc, GWSs are main energy loss

- For total mass M/(7+z), distance d , and SMBH
orbital freq f, the induced timing residuals are:

| Gpc M % 11077 Hz\ *
~ 10 ns YV :
dy 10° Mg |
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So where do these GWs come from?

Radio Galaxy 3C66B

VLA 20cm image 3C66R8

Atz =0.02
Orbital period 1.05 yrs
Total mass 5.4x10"°M |

(Sudou et al 2003)

Copyright (c) NRAO/AUT 1999
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So where do these GWs come from?

Radio Galaxy 3C66B

VLA 20cm image 3066 B

Atz =0.02
Orbital period 1.05 yrs
Total mass 5.4x10"M |

(Sudou et al 2003)

Copyright (c) NRAO/AUT 1999

Predicted timing
residuals

Ruled out by
MSP observations

Jenet et al. 2004, ApJ, 606, 799
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So where do these GWs come from?

Radio Galaxy 3C¢€

VLA 20cm image PG 1302-102

Santiago Lombeyda / Caltech

Possible binary SMBH with ~5 year orbital period...
just needs to be ~10x closer!

Graham et al, 2015, Nature

Jenet et al. 2004, ApJ, 606, 799
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A Pulsar Timing Array (PTA)

Timing residuals due to a GW have two components:
“Pulsar components” are uncorrelated between MSPs
“Earth components” are correlated between MSPs

~Hij [hij(te, ze) — hij(tp, 7p)]
|

05

Signal in Residuals 04|
Clock errors: el
monopole 02
Ephemeris errors: .
dipole 5
GW signal: 3 |
quadrupole 03

Two-point correlation function

0.1

Cormrelation

04 | Courtesy: G. Hobbs

-0.5

_ ] 0 ‘ 40 60 810 1;30 1é0 1:10 160 180
e.g. Hellings & Downs, 1983, ApJL, 265, 39; Angle between pulsars (deg
Jenet et al. 2005, ApJL, 625, 123
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Where are the GWSs?

Current power-law models

Shannon et al, 2015 |

Science, 349, 1522
arXiv:1509.07320

in tension. Maybe
environmental effects?
(stars, gas, eccentricity, ...)

Arzoumanian et al.
2016, ApJ, 821, 13A,
arXiv:1508.03024

Ly |
12
E McWilliams et al. (2014) Model

Characteristic Strain [h ()]

Charactenstic Strain [h (/)]

0¥

Frequency [Hz]

Pirsa: 17030056

Frequency [Hz|
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Latest models don’t show a problem...

GW Frequency (Observed) [s | ._
107 108 107

PTA Limits
A EPTA: Lentati+2015
@ NANOGrav: Arzoumanian+2015
# Parkes: Shannon+2015

-y

o
-
w

GWB Predictions
— [llustris
Jaffe & Backer 2003
Wyithe & Loeb 2003
=== Sesana 2013
== Kulier+2015 A

=
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w1 =T7.1%10719
- ..__1_ 62_ —— ______1_(._)_7.1_. R ——— ___161,)_ —e i

GW Frequency (Observed) [yr '] s
Kelley, Blecha, &

: : , : Herrnquist 2016, sub.,
* From lllustris cosmological simulations arXiv:1606.01900

p—
o
~J
Hl
=]
o

« Assuming efficient MBH mergers and power law evolution

 About 30% below the best observational limit
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So what about the future’?

=
©
—
H 1015
n ].O Lose Arecibo
an)
; “Status Quo”
O 5yrall-GBT/AO
<] Time (~$60M)
S
10716 | =
:l 1 Il 1 | ] | l | | I I 1 | ] I | ] | I | 1 1 I 1 ] 1 l I:

B S S S P g g
95% upper limit 50% Detection prob  95% Detection prob

Newest models suggest background must be > ~3x10"°
(e.g. Kelley, Blecha, & Herrnquist 2016)
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So what about the future?

3 Lose Arecibo

~| “Status Quo”

5yrall-GBT/AO
Time (~$60M)

Combined as IPTA Iikely prob  95% Detection prob
factor of ~2 improvement in ound must be > ~3x10-
GW sensitivity -Herrnquist 2016)
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11yr Results Soon...
PRELIMINARY!

* Twice the # of TOAs than 9yr, 48 vs 38 MSPs
e 11yr stochastic BG limit is ~same as 9yr!

« Some evidence for correlated GVW-like red noise? Or
problems with planetary ephemerides? (Or both?)

9-year (DE430)
9-year (DE421)

et e e — e B -
-17.0 =165 -16.0 -155 -150 -145 -14.0

logp Agw
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Ultra-wideband System (planned)

~0.6-3 GHz in one shot
CASPER-based backend
Improve timing by 20-100%

N
o

N
-
)
>
v
c
@
S
o
@
e
(S
Q
©
1)
«

Bandwidth:

- Improves S/N (as sqrt(BW))

- Scintillation protection

- Much better ISM (i.e. DM) removal

o

fASP | GASP GUPPI / PUPPI ;’7\ Wideband

R, S = o o _./—/"‘-—-_ —

Pulse phase
Fig: Paul Demorest
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New All-Sky Pulsar Surveys

All major radio telescopes are
conducting all-sky pulsar surveys

We know of only about 5% of the
total pulsars in the Galaxy!

These generate lots of data:

- 1000s of hrs, 1000s of .G:'Feé?éék:‘:f e

channels, 15000kHz sampling:

i Telescope:
gives more than a Petabyte! — R&

Requires huge amounts of high
performance computing

- Many times real-time and
millions of false positives
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New All-Sky Pulsar Surveys

All major radio telescopes are
conducting all-sky pulsar surveys

We know of onlv ahoiit 9% of the

Gravitational wave sensitivity is
proportional to the number of MSPs!

-1 -=-1/2
h(-.min X (TNPSRST /

See Siemens et al. 2013, CQG

perforiniaiice curnipuuiiy

- Many times real-time and
millions of false positives
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New Millisecond Pulsars

Bl Radio Surveys
Bl Fermi Directed Radio Surveys

Numbers have:
more than quadrupled in last 12 yrs
doubled in last ~6 years

Why?
Rise in computing capability,
sensitive new radio surveys,
Fermi

v
o
N
=
fY —
o
b
@
o
E
S
=

1l

0 - !
1980 1985 1990 1995 2000 2005 2010 2015
Year
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Currently ~80 new Radio/gamma-ray

MSPs because of Ferm!!

~10-20% of them look like they will be “good timers”

~30% are strange eclipsing systems: “Redbacks” and “Black-Widows”

J1301+0833 J1048+23
LEE+0051 114240119 ©
. > *j1231-1411
J183043734 (o]

° o

J1135475

T J1551.0658
o 113023258

1513-25
g O 11243653

o]

4 J181644510
JO533+6759

JQOT +7443 o J1B810+ 1744 . Q
06054 3757 o) I#f' goe J1628 3205 : J1012-42
o O Jisiadsae Qh1103.540

s o ' ‘ e

10340+4130 ) 02 44l 02 14442 2017505
204390 (o] © j2214+3000 Res basmz
O . o o J2017-16

J0251426
o

o

J002340923  j3310.05

(o] 123395.‘3

Courtesy:

JO614-3329

; JO621+2514
(1%
']

Paul Ray
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2 Pulses of Best Profile Search Information

Condidate: 1.79ms_Cand RA 3000 = 15:55:40.7040 DEC 3000 = —29:08:28.6800
Telescope: GBT Folding Parameters

Epoch,., = 57785.51030092593  DOF_, = 24.40 xim = 2258.380 P(Noise) ~ 0 (378.50)

P
[pGChDury = 57785.50911811640 Dispersion Measure (DM; pc/cms) = 75.910

T = 6.144e—05 P, (ms) = 1.7873928140(31) P, (ms) = 1.7875595613(31)
sample topo —11 . bary -11
Data Folded = 29097984 P i (s/s) = 1.9818(13)x10 I"bew (s/s) = 1.9693(13)x10
Data Avg = 3.404e+04 P ope (8/5%) = -7,124(49):10*‘%“&,, (s/s?) = —=7.125(49)x107"3
Data StdDev = 235.3 Binary Parameters
Profile Bins = B4 P (8) = N/A e = N/A
Profile Avg = 1548e+10 a,sin(i)/c (s) = N/A w (rad) = N/A
Profile StdDev = 1.587¢+05 qun = N/A
T a—_—— S —— . [ 18
L a2 ! NS 2
| g g st 7 g
2 g ; - 153
- & @
81 ’ o 1 : T I i
[ 3 @ ﬁ%'g P-dot — 1.9818e—11 (s/s)
© I =
s ] = . T T ~
s ol * I F 18
L & 2 ’ | P 8y
~ i fsd | g ]
o + Jo ¢ i o e J/ - 0
- Q [ ; t L e ¥
n O r — ] 3 T i — > o
bl | o & t i 107% 0 -107*
£ a 1 %= 5 Period — 1.78739281 (ms)
e L _—red
a : - =
o on L Freq — 559.474108 (Hz)
o o —~ i —4 et T
b [ Y A — > —5x10 0 swi0 @
5 ! | 0O 04 08 12 16 2 & _ B nL$
S - Phase - "
[
\
o~ T LY |
1o 8¢ S e =
- 8F & 2
© -2 :
s8¢ - ©
$8 - & +
&S - 5 M
o
o o o H i ?
0 0.5 1 1.9 200800GED00 757 758 759 76 76.1 Q N
Phase Reduced xz DM (pc/cr‘r‘l")

guppi_S/785_PBBY3595_0003_0001 fits ransom 24—-Feb—201
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An MSP in a stellar triple system!

« PSR J0337+1715: In 2012, from the
GBT Diriftscan survey, a 2.7 ms PSR in
a hierarchical triple system!

* 1.6 day inner binary with hot WD
« 327 day outer orbit with cool WD
* Very strong 3-body effects...

'Ransom et al. 2014, Nature, 505, 520 |
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Quter Orbit
Porb=327days
MWD - 04] Msun

4772 lt-sec

“Cool, old”
White Dwarf !

Figure credit:
Jason Hessels

Pirsa: 17030056

PSR J0337+1715 Inner Orbit
Pob=1.6days

Triple System Mpsk = 1.44Msun
MWD o O.ZOMSun

-

Ry Pulsar '
» 16 h—sic “Young, hot”
White Dwart

e
Magnified

15x

Orbital inclinations

h

Page 29/42




50
2x704

—-50
L B B R I A B

Pulse Delay (sec
0
0

PSR Rotations

T T r LI L

—2x10*

9

PSR Rotations — 26,000

75
200

70

Westerbork

Arecibo Observatory

Pulse Delay (sec
65

No Orbits Removed (zoomed)

T | T I T T T ]

/0 80
Modified Julian Date (MJD)
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.~~~ Zoomed region below

-
-
",

50
2x10*

.
%,
b

Initial pulsar timing (Newtonian) gave:

(@]

7))
a ¢
> IR
}\ -
o S
I o Q o
O o
© o
1) 2
3 o B
Q

~50
—2x10*

Neutron Star: 1.4378(13) Msun
Inner white dwarf: 0.19751(15) Msun
Outer white dwarf: 0.4101(3) Msun
And nearly complete orbital geometry

9

PSR Rotations — 26,000

200

0

Will provide unique tests of GR.

e
Wes

Arecibo Observatory

Pulse Delay (sec

—-2000

No Orbits Removed (zoomed)
I ' ; ; ; T

70 80
Modified Julian Date (MJD) — 55920
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(Weak) Equivalence Principle:
Inertial Mass = Gravitational Mass

(regardless of object)

T —

From BBC's “Human Universe” Ep. 4, with Brian Cox
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(Weak) Equivalence Principle:
Inertial Mass = Gravitational Mass

(regardless of object)

J Tﬁ-

From BBC's “Human Universe” Ep. 4, with Brian Cox
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Strong Equivalence Principle

e Gravitational and inertial
masses are equal

Composition, shape, mass,
location etc doesn't matter

This applies to objects with
strong self-gravity as well:

« Gravitational binding
energy gravitates!

¢ ~ GM/Rc? ~ 0.1 for NS

e Only GR embodies this

Tested via the Nordtvedt
parameter, n:

I,HL,I-;“- ) o \ ~ . 27 “
( ) =1+A=1+ne+ O(c). § :

Minertial

Pirsa: 17030056
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Strong Equivalence Principle

« Gravitational and inertial N 1 “byAlan Bean
masses are equal . R
» Lunar Laser Ranging (LLR) has
Composition, shape, mass, L o
location etc doesn't matter constrained: [ne| < 2x10 g
This applies to objects with LS IEIICRCH IO SV
SRR VR I 9iven weak gravity of Solar

 Gravitational binding System bodies

energy gravitates! ) ‘
¢~ GMRc? ~ 0.1 for NS [ uller,zl;?;m%rgvéfgkupek,

e Only GR embodies this £ \

Tested via the Nordtvedt
parameter, n:

( ) =14+ A =14+ ne+ O(¢).

Minertial
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Here is signal we are looking for
(A =10 is ~4x smaller than limit by LLR)

A = 0.0001

o
pI

A

)
©
(1)) =
7 o
(4] (&)
£ 3
— o
= S
~ 0
L &
O c
—
k) 0
= g
O g:‘g
(7))}
O
i

J | - 56000

0.4 0.6 )

Inner Orbital Phase

).2
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So where are we now?

» Using PPN Lagrangian by Nordtvedt (1985)
which incorporates potential SEP violations
(amazing work by Anne Archibald)

* ~30 params, ~10* TOAs, and no TEMPO(2)!
* Accounting for all known ~us-level effects:
« WSRTonly: A~ +3(3)x10°
« GBT only: A~ -2.8(1.4)x10°

\.

L
* Arecibo only: A ~-3.6(6)x10° . (Q\
« GBT+AO: ~-3.0(5)x10® Q}\

¢ Al ~ -3.0(5)x10° Q\
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J0337+1715 scalar-tensor constraints

“G” effectively different for
NS and WD. They each
fall in relatively “strong”
grav field of outer WD.

T (x,,B,) theories ,_
GR has (\(0:3020 T BI93I6

Jordan-Fierz—Brans— Dicke i _
theory has I)’ozo _ . IJili*j! 6545

J1738+0333

N. Wex, private communication
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What about the future?

* We only know of about 2,500 out of ~50,000+
pulsars in the Galaxy!

* Many of them will be “Holy Grails”
* Sub-MSP, PSR-Black Hole systems, MSP-MSP binary

« Several new huge telescopes...

We need them because we are sensitivity limited!

MeerKAT (04 dishes. SA)« e ¢ 5 fa FAST (500m, China))
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