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© Philip Diamond (7 Oct 201 3)

SKA2 Key Science Drivers

* ORIGINS

— Neutral Hydrogen in the Universe from the
Epoch of Re-ionisation to now

« When did the first stars and galaxies form?
« How did galaxies evolve?
« Dark Energy, Dark Matter

— Astro-biology

Science with the
g Square Kilometre Array

« FUNDAMENTAL FORCES

— Pulsars, General Relativity and gravitational
waves

Science with the Square
Kilometre Array

(2004, eds. C. Cairilli & S.
Rawlings, New Astron. Rev., 48)

— Origin and evolution of cosmic magnetism

« TRANSIENTS (new phenomenon)

21 Nov 2013 SKA & Gravity by Kunihitg)fallgmﬁék? Universe with the world’s largest radio telesc%oe
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Outline

® Pulsar
— Finding all pulsars in the Milky Way

— Super dense matter physics, etc.

® Strong-field tests of gravity

® Gravitational wave astronomy

— Complementary to AdvLIGO, KAGRA,
eLISA, DECIGO, CMB-pol, LiteBIRD



~ Bell (graduate), Hewish I967

. Discovered serendipitously

- Nobel prize to Hewish 1974
(w/ Ryle; radio interferometer)
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Pulsars are Extreme

® Almost black holes (Strong gravity)

E
Ag;‘“;y ~ (0.1 (NS), 0.5 (BH), 0.000001 (Sun)
C

® Super dense objects

— | 0x nuclear density
— B~Bqgp =m.c’[eh=44x10"G

— V>10'2Volt (>TeV accelerators)
— Superfluid superconductor

® Super cosmic clocks
— e.g.,, PSR J0437-4715 At ~ atto sec!
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Cumulative shift of periastron time (s)

Pulsars to Probe Gravity
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Pulsar Census

2213 known pulsars

2050 normal pulsars (via supernova)

302 msec pulsars (mostly binary; recycled)
213 in binary

142 in globular cluster

8 X-ray isolated NS

20 AXP/SGR
2| extragalactic

—
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1527 solitary pulsars
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15 | Supernova |
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Log [Period (s)]
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| Magnetar . | P P D
lagram
| Age: 7. = P/(2P)
. Il Magnetic field:

. B R’ |
3 i} m|= - (Mag. Dipole)
‘'msec "o T
3 § Teiten ¥rar meatron st ’
V7 AXP/SGR
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| S A=A Great diversity in the
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primary
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Woomph!
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binary disrupts

:

binary survives
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secondary evolves
(Roche Lobe overflow)
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low-mass system
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m|II|second pulsar - white dwarf binary
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high-mass system

runaway star
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young pulsar
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Photon is delayed in plasma
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Plasma frequency
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Electron Distribution

Perseus
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Galactic center

SKA & Gravity by Kunihito IOKA
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Greyscale with log levels

30 x 30kpc at z=0

Structure components

- Thick & thin disks

Spiral arms (incl. molec. ring)
Galactic center comp.

Local ISM

Individual clumps & voids
Propagation effects

- Dispersion measure

- Pulse/Angular broadening

- Scintillation bandwidth

- Emission measure
Distance estimates

- HIl absorption

- Parallax (interfero. or timing)
Associations w/ GC or SNR



10

Y (kpc)

—10

21 No

Lorimer 6@013

Pulsar Distribution

[ [ | | I P el | [ [

I

. . o, ..o
.:'.: o.' Y
B o... (L
e oy ' ¢
— \J o..f C r A ee?®
| "r;;ﬂt \ 4 ,#
: ‘ ~.‘*‘. f‘. ® t
." ’. S s

II.| I I I I |I

°
| | | | | | | | | | | |

| |
. We ar.g here

Galactic center

| |

| | |

—10 0

10

We know only
nearby pulsars!

Pulsars in the Milky Way
~160,000 normal PSR

~40,000 MSP
160,000~ 107yr/60yr
[Life time/Birth time]

Observable pulsars
XBeaming 20%~30,000

X (kp&éﬁavity by Kunihito I0KA (KEK) 14



SKA Pulsar Survey

Known & Simulated Pulsars Projected onto the Galactic Plane

-120° . -150°- 180° 150° — 120° Finds a” PSRS in MW
N L - 1 ~30,000 normal PSR
.**.7 ~4,000 MSP [300/2200=14%]

o 8. | "~70 rela. NS? [5/2200=0.2%]
K Fio%|  merging in Hubble time
.o Y o Open circles: Parkes Multibeam PSR

T J-"_»_‘ e Black dots: Princeton PSR Catalog
b S R MO s - Blue dots: simulated SKA PSR

(400 MHz, 600 s, 1024 ch)
Assumed birth rate = | / (167 yr)
Distribute 30,000 PSR (w/ P L, R, z)
. . Spectral index -1.6 * 0.35

.-, ; ] \ - ¢ Sampling, dispersion smearing/scattering

-30° o 30° No scintillation

SKA: 1.4 00 MHz/1024 T/G=0.25Jy 600s . .
P@(Nﬁmém,o.&z&o) €=0.001 mod=2 n=2%|<Aé‘=§.ri31‘§l~tV byskupyjhito IOKA (KEI

Coré‘es+ 04, Kramer+ 04, Smits+ 0185
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SKA Sensitivity
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SKA Survey Speed
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SKAI & 2 Pulsar Survey
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Pulse Scattering

Pulsar Telescope
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msec Pulsar Sky Dlstrlbutlon

Pulsar timing array:

_“Lorimer 05

............

Why off-plane?”
- Oldage ||== eyt o
— In globular cluster

—Nearby MSP




SKA Pulsar Timing

Regular timing

- weekly for ~6 month

- SNR~9

- Optimized by grouping
recise timing
SNR>100

- Pulsar timing array: MSP
- Gravity tests: Binary

14,000 SKAI pulsars
Circle: Optimized pointings (700) for timing with FoV of 20 deg2

Smits+ 09
21 Nov 2013 SKA & Gravity by Kunihito IOKA (KEK)



Mean pulse p

Pulsar Timing

rofile

Time Of Arrival (TOA)
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SKA Pulsar VLBI

Geometric Delay:

2
Af do
C
~0.02 ms d,,,, 0.
Parallax (Distance) & Proper motion
|.Accurate timing A1 A 100
o 0 ~ ~ 3 mas —JH
2. Formation site b SNR b, SNR

3. Electron map
4. NS photospherel (EOS of NYS)

Survey, ‘Timing &-VLBI



Pulsar Science with SKA

Extreme dense matter physics
Relativistic plasma physics
Galactic probe

Extragalactic pulsars

“Holy grail” pulsars
Gravitational physics



Pulsar Science with SKA

Extreme dense matter physics n

o o e . = \\\\ ik 7 77
Relativistic plasma physics Sl
Galactic probe :

P* v" Equation of State
Extragalactic pulsars v =M
‘ 133 Super strong B 7T

Holy grail” pulsars .
Gravitational physics V' Mass le':nc ( Supernova)
25 : MPA1l | ' MS0 | Oze|+ |2
| - P ENgPS PAU 20F -
RC> AP4 Ms2 h \
I\ 2 M O § 1.5 Reilyscled ::“\\ BH i
lL 0.5 Gap?
est+ |0;Antoniadis+ |3 | TOV €q. oo u
2PRNOV2GTS— ¢ 10 11 35 e %A&%avity by Kunihito IOKA (KEK) 2 4 6 8 26 10
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Pulsar Science Wlth SKA

light
cylinder

Extreme dense matter physics

Galactic
Extragala
“Holy gr: ‘
Gravitatife=—

Fermi satellite (LAT) has
founc;l 117 y-ray pulsars
ol uﬁ m’ ' ot

gl

O

in¢iuding blind searches

Relativistic plasma physics ...

field line |

fldl

/_bﬁ
null™

nnnnnnn

\Q\ o | osmic

, \ \ \
PeVatron?

v Radio coherent emission
v" High-energy emission

° AMS-02
° PAMELA

} M i
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10 10°28
et energy [GeV]




Pulsar Science with SKA

® Extreme dense matter physics
® Relativistic plasma physics v Interstellar e/B
® Galactic probe v Star formation history
® Extragalactic pulsars v Dynamics

e s Han+ 12
® “Holy grail” pulsars o
® Gravitational physics |

Telescope
BN
\ TN IR R o L T T
Ehmi'ﬁe‘c/lx’PuIse Detected Pulse
° RM=-27 "H" LI M RM=27
21 Nov 2013 SKA & Gravity by Kunihito IOKA (KEC%)RM**ioo S Ty 29 Ru=s00
RM=-2700 —|— RM=2700

<B> away from us <B> towards us



Pulsar Science with SKA

® Extreme dense matter physics
® Relativistic plasma physics
® Galactic probe v" Formation & Population
® Extragalactic pulsars¥ Turbulent magnetized IGM
® “Holy grail” pulsars v" Missing baryon «io3

o . Kashi 13
® Gravitational physics v/ Dark Energy ashlyama
: , _ — . | Lorinl1er+ 13
(:i ) J.l.lmhl“.ll IJJJ. o A ‘ ”I \ l ‘ [ ‘ } % 0_ :::::::j::::i v v 0:

| Observati ‘|‘| time (us) - :
~ | O35
Glant pulse: Ty h, IO K P Less turbulent-
4LJ to IOKA (KEK) B ‘ 30. .,

Fastradio burst: T, s s> bOHHe oo ;

”g t (p/m)



Pulsar Science with SKA

Extreme dense matter physics v’ Millisecond

Relativistic plasma physics v’ Relativistic binaries
Galactic probe

Extragalactic pulsars v" Double pulsars
“Holy grail” pulsars v' PSR-BH, PSR-Sgr A*

Gravitational physics v" Planet

pulsars

So far missing

: » - T ""
4 .
- So far . Carayity. tests

ar a few

=



Cumulative shift of periastron time (s)

Pulsar Science with SKA

Galactic probe
Extragalactic pulsars

Extreme dense matter physics
Relativistic plasma physics

v" Tests of gravity

v" Gravitational waves
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Outline

® Pulsar My g ¢ A

traum

0

— Finding all pulsars in the MiIkyWay

— Super dense matter physics, etc.

® Strong-field tests of gravity

® Gravitational wave astronomy

Complementary to AdvLIGO, KAGRA,
eLISA, DECIGO, CMB-pol, LiteBIRD

21 Nov 2013 SKA & Gravity by Kunihito IOKA (KEK) 33



Cumulative shift of periastron time (s)

Pulsars to Probe Gravity
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21 Nov 2013

SKA & Gravity

Binary PSR B1913+16
Orbit decay as predicted
by General Relativity

First evidence of
gravitational wave
Indirect detection

R. Hulse
J. Taylor
Arecibo in 74-75
Nobel prize|993




Hulse-Taylor Binary

«v\ N PSR BI913+16

: We observe pulse TOA
s ] = Keplerian parameters
except for M, & M,
P,=7hr 45min

e= O 617

-05 | | | | C]) I | | I 0?5 | | | | 1AIO P 59m P=unseen
Orbital Phase _I 4m® MC=I.39M@
Max orbital velocity <

~0.1% % ¢ ’{_

Relativistic effect /ﬂ‘ ~ 1.9 Mill. km

21 Ndeie Ctab’eo’ SK " Gravitational waves




Companion mass (M)

AV]

b

0

Post-Keplerian

- Taylor & Weisberg 82, 89
- Weisberg, Nice & Taylor 10

0

1 2
Pulsar mass (M)

I | Given Kepler orb. & GR
| @ Periastron advance

n 503 g 2/3 ~4.2deg/yr
w—3(2 ) ( @M> (1—e?)™t
/i

c3

| @ Gravitational redshift

+ transverse Doppler
~4.3ms

1 PAY3 fan 23
- fy:e(—b) ( ®) M_4/3m2(m1+2m2)

o2 c3

" @ Orbital period deéza4)? ’

M —’ 4398"‘0 OOOZM@ . 19%(13,,) /3<1 §62+g4)(1_eg)_7/2 (%) s g M3

M”’”IB 3886*0.0002N

by Kunihito IOKA (KEK) 30



Cumulative shift of periastron time (s)

Orbital Decay
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SKA & Gravity by Kunihito |0M\(@é§bel‘g, Nice & T&)"OI" |0

Binary PSR BI913+16
Test of General Rela.

~0.997%0.002

First evidence of
gravitational wave
Orbit decay by ~1cm/day

Indirect detection

Taylor & Weisberg 82, 89

37



Double Pulsar

PSR JO737-3039A/B
First double pulsar (by Parkes 03)

'y Most relativistic & Most constrained
'|"|"|'|'|'|'l'|'1'|'|'_PA=22mS’PB=2.7S’

10 o Burgay+ 03; Lyne+ 04; Kramer+ 06 -

5 | P,=2.7hr
$ 1 Periastron adv. 16.9deg/yr

T e --_; =|,";!u'r S h api ro ti me de’ ay
T 5 Post Keplerian parameters

| GR Test ~0.05% level
P | Now ~0.02%

GEER (non-G\VV test 7 B1913+16 test)

2D Nov 201%0 120 180 24£0<A & Gr aao@y by I< nBito IOKA (KEK) 38
Longitude (deg)




Shapiro Time Delay

At =~ f 2(§MdS Irwin Shapiro 64
o 2G M
2GM 4I’EI" — ]-O/LS
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r,>>d, r,>>d
P Orbital phase

i T
I Longitude of
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Double Pulsar: Test of GR
% | e Shapiro delay para.r
EAN

® Shapiro delay para.s

—2/3 —~1/3
() () oo

2m c? —

o

1 ® Mass ratio R

| s = sin i=0.9997+0.0002

| PSR B has disappeared

. | by geodesic precession
A s 1s 12PN, e.g, spin-orbit?

D v Mass A (hesr) 5K & craviy by ki ocaloment of inertia=>EOS?

0.5

1

0
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Table 1. Parameters for PSR J0737-3039A (A) and PSR ]J0737-3039B (B). The values were derived
from pulse timing observations using the DD (21) and DDS (19) models of the timing analysis
program Tempo and the Jet Propulsion Laboratory DE405 planetary ephemeris (41). Estimated
uncertainties, given in parentheses after the values, refer to the least significant digit of the
tabulated value and are twice the formal 1o values given by Tempo. The positional parameters are
in the DE405 reference frame, which is close to that of the International Celestial Reference
System. Pulsar spin frequencies v = 1/P are in barycentric dynamical time (TDB) units at the timing
epoch quoted in modified Julian days (M]D). The five Keplerian binary parameters (P,, e, o, T, and x)
are derived for pulsar A. The first four of these (with an offset of 180° added to ®) and the position
parameters were assumed when fitting for B's parameters. Five post-Keplerian parameters have
now been measured. An independent fit of & for B yielded a value (shown in square brackets) that
is consistent with the much more precise result for A. The value derived for A was adopted in the
final analysis (16). The dispersion-based distance is based on a model for the interstellar electron
density (26).

Timing parameter PSR ]0737-3039A PSR )0737-3039B
Right ascension o 07h37m515.24927(3) -
Declination & —30°39'40".7195(5) —

Proper motion in the RA direction (mas year—1) —3.3(4) —

Proper motion in declination (mas year—1) 2.6(5) —
Parallax © (mas) 3(2) —

Spin frequency v (Hz) 44.054069392744(2) 0.36056035506(1)
Spin frequency derivative v (s—2) —3.4156(1) x 10715 —0.116(1) x 10~
Timing epoch (M]D) 53,156.0 53,156.0
Dispersion measure DM (cm—3 pc) 48.920(5) —

Orbital period P, (day) 0.10225156248(5) —
Eccentricity e 0.0877775(9) _—
Projected semimajor axis x = (a/c)sin i (s) 1.415032(1) 1.5161(16)
Longitude of periastron o (°) 87.0331(8) 87.0331 + 180.0
Epoch of periastron T, (M]D) 53,155.9074280(2) —
Advance of periastron @ (°/year) 16.89947(68) [16.96(5)]
Gravitational redshift parameter y (ms) 0.3856(26) —
Shapiro delay parameter s 0.99974(—39,+16) —
Shapiro delay parameter r (us) 6.21(33) —

Orbital period derivative P, —1.252(17) x 10712 —

Timing data span (M]D) 52,760 to 53,736 52,760 to 53,736
Number of time offsets fitted 10 12

RMS timing residual o (us) 54 2169

Total proper motion (mas year—1) 4.2(4)

Distance d(DM) (pc) ~500

Distance d(r) (pc) 200 to 1,000

Transverse velocity (d = 500 pc) (km s—%) 10(1)

Orbital inclination angle (°) 88.69(-76,+50)

Mass function (M) 0.29096571(87) 0.3579(11)
Mass ratio R 1.0714(11)

Total system mass Mg)  SKA & Gravity by Kunihito IOKA (KRi58708(16)
Neutron star mass (m) 1.3381(7) 1.2489(7)
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2M, PSR - White Dwarf Binary

PSR J0348+0432  GR test @

LN  P.=2.46hr 1.05+0.18
* 0-00_3M@ dP /dt=-(2.73£045)e-13
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neutron star
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Test Scalar-Tensor Theory
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Table 1. Observed and derived parameters for the PSR ]J0348+0432 system. Timing parameters
for the PSR ]J0348+0432 system, indicated with their 1-c uncertainties as derived by tempo2 where
appropriate (numbers in parentheses refer to errors on the last digits). The timing parameters are
calculated for the reference epoch modified Julian date (MJD) 56000 and are derived from TOAs in the

range M]D 54872 to 56208.

Optical parameters
Effective temperature, Tes (K)
Surface gravity, logolg(cm s™)]
Semiamplitude of orbital radial velocity, Kyp (km s7%)
Systemic radial velocity relative to the Sun, y (km s
Timing parameters
Right ascension, a (J2000)
Declination, & (J2000)

10120 + 474 + 904y
6.035 £ 0.0324, + 0.060,,
351+ 4
-1+20

03" 48™ 43°.639000(4)
+04° 32’ 11."4580(2)

Proper motion in right ascension, i, (mas year™) +4.04(16)
Proper motion in declination, s (mas year™) +3.5(6)
Parallax, my (mas) 0.47*

Spin frequency, v (Hz) 25.5606361937675(4)
First derivative of v, v (107° Hz s7%) -0.15729(3)
Dispersion measure, DM (cm™ pc) 40.46313(11)
First derivative of DM, DM1 (cm™ pc year™) —0.00069(14)
Orbital period, P, (day) 0.102424062722(7)
Time of ascending node, T,sc (M]D) 56000.084771047(11)

Projected semimajor axis of the pulsar orbit, x (lt-s)

0.14097938(7)
+1.9 x 1078+ 1.0 x 107

n = esin®
K = ecos® +1.4 x 107% + 1.0 x 107
First derivative of Py, P, (10712 s s7%) -0.273(45)
Derived parameters
Galactic longitude, [ 183.°3368
Galactic latitude, b -36.°7736
Distance, d (kpc) 2.1(2)
Total proper motion, p (mas year™) 5.3(4)
Spin period, P (ms) 39.1226569017806(5)
First derivative of P, P (10728 5 s7%) 0.24073(4)
Characteristic age, 1. (Gy) 2.6
Transverse magnetic field at the poles, By (10° G) ~2
Rate or rotational energy loss, £ (1032 erg s™%) ~1.6
Mass function, f (M.) 0.000286778(4)
Mass ratio, g = Mpsp/Myp 11.70(13)
White dwarf mass, Myp (Ms) 0.172(3)
Pulsar mass, Mpsg (M) 2.01(4)
“Range” parameter of Shapiro delay, r (us) 0.84718*
“Shape” parameter of Shapiro delay, s = sini 0.64546*
White dwarf radius, Rwp (Re) 0.065(5)
Orbital separation, a (10° m) 0.832
Orbital separation, a (R.) 1.20
Orbital inclination, i 40.°2(6)

P, predicted by GR, A% (107%% s s7%)
By /PSR

Time until cgaléslé!egc\ézt,g Wy)

-0.258%3,0%%

SKA’ gy avity by Kunihito I0KA (kek) BH

*For these timing parameters, we adopted the optically derived parameters (see text for details).
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Parametrized Post Newtonian

Parameter Effect Limit Remarks

y — 1 (1) time delay 2.3 x 107> Cassini tracking

o eer® (i) light deflection 4 x 107%  VLBI

B —1 (1) perihelion shift 3 x 1073 assumes J = 10~/ from

Superposition
law nonlinearity

Preferred Iocatl(o1
& Earth tides

o orbital polarization

Preferred frame; Orbital
Preferred frame; Spin

a2

Preferred frame; Momentum conservation

a3 pulsar acceleration

n? Nordtvedt effect

1 -

') binary motion

{3 Newton’s 3rd law
21 Nov 2013

¢4 -

1) Nordtvedt effect 2.3 x 104

103
10~4

solar spin precession 4 x 10~ 7

2 x 10~20
9x 1074
2 x 1072
4 x 1072

10~8

helioseismology

gravimeter data

Lunar laser ranging
PSR J2317+1439
alignment of Sun and
ecliptic

pulsar P statistics
Lunar laser ranging
combined PPN bounds
P, for PSR 1913+16

Lunar acceleration
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log(Self Energy)

Strong-Field Tests

Solar system:
Sk Holes weak & slow field

A < JO737—3039
B1913+16 ¥ T

Q Compact/PSR—BH
A Systems Neutron star surface

X-ray emission
BH Disk emission
but model-depend.

Binary Pulsars

Solar System

Ultrarelativistic binary
PSR-BH: WANTED
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BH Uniqueness Theorem

Kerr-Newman solutions are the only
stationary, axisymmetric electrovac solutions

No hair theorem Israel, Carter, Hawking, Robinson in ~1967-1975
A in® 0 )
ds? = =5 (dt —asin® 0d0)” + —— [(1* +a%) dp — adt]” + Sdr” + Sdo°
J
a = T A=r?—2Mr+a*+Q°% Y=r*+a’cos’6

Only Mass M, Angular momentum |, Charge Q
Other properties are radiated away by gravitational waves
qQ/m M~10'*Q/M = Kerr BH in astrophysics

| = 1/2
Horizon A=0 r, = M + (M2 B az) /
H"l MQQ Naked Slngﬁ%érﬂty Kuni-h_-i-tGJKA(KEK) 47



Probing No Hair

Spinning black holes are oblate

Black hole quadrupole moment Q,
No hair = Q, is a function of M &}

_(34@2_ 2
_G2M3__X

q

> ZovImR—iL

But if we measure q # -y
Then, either GR is wrong,
or a new kind of object

D Emd =
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Cosmic Censorship Conjecture
Penrose 69

The complete gravitational collapse of a body always
results in a black hole rather than a naked singularity;
i.e., all singularities of gravitational collapse are

“hidden” within black holes, where they cannot be
“seen’’ by distant observers.

c J <1
But if we measure > |

= Event horizon vanished = Naked singularity
2 Then, either GR 18 ‘Wwioing; '6r'CTC is violated b




PSR-BH Sgr A* by SKA

® Mass
— Fundamental quantity
— Precision <0.0001% level (AM~1Mg!)

® Spin

— Cosmic Censorship Conjecture

— Precision ~0.1% level

® Quadrupole moment

| High precision
— No hair theorem

tests of gravit
— Precision ~1% level f g y
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PSR-Sgr A*: Mass

] T T T T I T

| Pulsar timing
I near Sgr A*

| = Precision
~ I 0-6

Simulation
Weekly TOA
1071 e @ 1 O1oa=100us
[ 2570 | over Syr

_ | e=0.5

107 | L i=60deg

0.2 T 04 06 08 1 .
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Puslar Tlmlng near Sgr A*

10 l Pulsar R 7 Telescope
100-m dish, 4hr, a=-1.8 |
1 - T s
o I 100-m dish, 4hr, a=-1.3 |
bH Emitted Pulse Detected Pulse
0.1 - SKA. Thr. o=1.5 .
— ]
SKA, 1hr, a=-1.3 | P=0.55, W=10ms
‘ Si400=1Mjy @1.4GHz
0.01 L b b _
T T T T e st ~2.3e3s(f/ | GHz)
Liu+ 12 Frequency [GHz] |00Om dish: 2K/J)’, 4hr
PSR | 1745-2900 @~0. | pc SKA: 100K/Jy, | hr
DM=1778+3pc/cm?, t., ~1.3s(ff GHz)*
Magnetar Mori+ |3; Eatough+ |3; Spitler+ 14

(I<EI<

Consistent with 1000 PSRKA@%IV o] K7mhltoé ennamangalam & Lorimer |3



Fractional error

PSR-10M, BH: Mass

T =

merg

1~ | 9% level

1 Simulation
100 Myr , | Weekly TOA

|00m dish
over 5yr

leﬁo)\s -50 1|33

1 ¢ e=0.l
Pb (day) *:Hulse-Taonr
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Spin & Quadrupole

Lense-Thirring precession
by BH spin-orbit coupling
Quadrupole also affect orbit
= features in TOA of pulses

2x10723 4x1073

Residual (us)
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2
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Sgr A*: Spin & Quadrupole
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PSR-10M, BH: Spin

107
g i
= 102
o .
= 5
=
2 i
= i
SR
o I Tmerg=1OOI Myf, "’f=1.0. B
0.1 1
Wex+ |3 Py, (day)

Figure 2. Fractional error in the BH spin, as a function of the orbital period. The figure is
based on mock data simulations for weekly observations over 5 years with SKA, assuming a

recycled PSR in a mildly eccentric ge = 0.1) orbit. m dengtes the BH mass.
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Scalar-Tensor Theory

ool O—
2 2
A Pdipolar N A7 G mpsrRMBH 1+e /2 9
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Variation of G

AP| 03%x107%
P nmsec

G
G

Dirac’s large number hypothesis: Goc |/t

Scalar-tensor theory, Kalza-Klein, Superstring: L=¢ R+...
Lunar laser ranging: (4£9)x10-'3/yr

Variation of the Astronomical Unit (AU)

~3x107s' ~10?yr™!

= (9 + 12) x107" yr™' 2w
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Outline

® Pulsar ordes, Sterne el
— Finding all pulsars in the MlIkyWay ,_,|0‘6

ass
— Super dense matter physics, eth ~0. 1%
1N° hair 1%
® Strong-field tests o

® Gravitational wave astronomy

Complementary to AdvLIGO, KAGRA,
eLISA, DECIGO, CMB-pol, LiteBIRD
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Gravitational Wave

® Einstein equation

1 8tls
R,Lu/ — §g,u,/R —

® Wave solution
Juv = Tuv =+ h,ul/

1 0?
2 — ]
( 2 8t2) s =0 Vew—C
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GW = Tidal Force

X Polarization

y

/D—*f—ﬁ \ |
Tidal" force on testsmassb“”“'h'm'OKA(KEK) HiinE
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Penetration Power

More than Neutrino

S What Powered the Big Bang?

Gravitational Waves can Escape from
Earliest Moments of the Big Bang

Optically Thick e

(Big Bang plus
1035 seconds?)

in almost all cases

Big Bang plus
300,000 Years

Astrophysical GW Inflation GW
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GW Generation

® Electromagnetic wave: Electric charge

® Gravitational wave: Mass

® No monopole, No dipole radiation

® Quadrupole formula

21 Nov 2013
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2nd Generation of

GW Observatories

‘“m»/f/—\\\—

O,

©Ando

| "alIGO (USA)
4km x 2 (or3)

GEO-HF (GER-UK)| KAGRA (JPN)

___baseline 600m . bafgline 3km

Adv.VIRGO (ITA-FRA)
baseline 3km

GW will be directly detected within ~5 yr



Sensitivities

E T \ T \If | T \ T 1 T L lﬂ T T GWICreport(2010)
Ad.-LIGO (USA), Ad-Virgo (Europe), KAGRA similar design sensitivitie
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KAGRA project -- Takaaki Kajita
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Budget and revised schedule
Calendar year | 2010 | 2011 | 2012

Project start
Tunnel excavation
initial-KAGRA

baseline-KAGRA

Observation

s

. |("'1 year delay...)

ikAGRA obs. [g

Adv. Optics systém andtests [}

[ Cryogenic system ]

Dec. 2013

mgmmmm

Budget

Leading-edge ...

I the schedule|(yet).

Excavation

Requested. We have
not offigi
|
al
1
|

Additional budget

Budget for operation?

Grants-in-aid for Sci.?

——-———_"

OKajita .

—Detector (not appro :
Data analysis [ |
(approved) [ ] Surface building ’
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Expected Sources

1 i M 1/2 R —2/3
f~— —G ~ 20 Hz
TV R3 3M 500 km

| /free fall time

Ground interferometers = Solar mass BH or NS

—

Binary Burst Oscillation Pulsar Stochastic

NS-NS  Supernova BH ringdown Inflation
NS-BH GRB NS r-mode Phase transition

BH-BH.,  String .Magnetar flare, Superposition



Compact Star Merger

Inspiral

" Merger ’ Ringdown

APR4-120150

avefo rm

20 25 30
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log (Probability Density)
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Galactic DNS merger rate (Myr™')
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Based on ~5 Galactic NS?2
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Table 5. Detection rates for compact binary coalescence sources.

IFO Source? Nigw yr—! N, yr~! Niigh yr~! Ny Y1~
NS-NS 2 x 1074 0.02 0.2 0.6
NS-BH 7 x 107 0.004 0.1

Initial BH-BH 2 x 107 0.007 0.5
IMRI into IMBH <0.001° 0.01¢
IMBH-IMBH 10~4d 1073¢
NS-NS 0.4 40 400 1000
NS-BH 0.2 10 300

Advanced BH-BH 0.4 20 1000
IMRI into IMBH 10° 300°¢
IMBH-IMBH 0.14 1€

* To convert the rates per MWEG in table 2 into detection rates, optimal horizon distances of
33 Mpc /445 Mpc are assumed for NS—NS inspirals in the Initial / Advanced LIGO-Virgo networks. For
NS-BH inspirals, horizon distances of 70 Mpc/927 Mpc are assumed. For BH-BH inspirals, horizon
distances of 161 Mpc/2187 Mpc are assumed. These distances correspond to a choice of 1.4 M, for
NS mass and 10 M, for BH mass. Rates for IMRIs into IMBHs and IMBH-IMBH coalescences are
quoted directly from the relevant papers without conversion. See section 3 for more details.
b Rate taken from the estimate of BH-IMBH IMRI rates quoted in [19] for the scenario of BH-IMBH
binary hardening via three-body interactions; the fraction of globular clusters containing suitable
IMBHs is taken to be 10%, and no interferometer optimizations are assumed.
¢ Rate taken from the optimistic upper limit rate quoted in [19] with the assumption that all globular
clusters contain suitable IMBHs; for the advanced network rate, the interferometer is assumed to be
optimized for IMRI detections.
d Rate taken from the estimate of IMBH-IMBH ringdown rates quoted in [20] assuming 10% of all
young star clusters have sufficient mass, a sufficiently high binary fraction, and a short enough core  Aphadie+ |0
collapse time to form a pair of IMBHs.
¢ Rate taken from the estimate of IMBH-IMBH ringdown rates quoted in [20] assuming all young star
21 nelusters have sufficient mass, a sufficiently bightbinaryfraetionandia short enough core collapse time 71
to form a pair of IMBHs.
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Table 2

LIGO/VIRGO Detection Rates (yr_])

Sensitivity  Type Zs 0.1 Zg Zo+0.1 Zg
(do.nsns =) (100%) (100%) (50% + 50%)
4*18 Mpc  NS-NS  0.01 (0.003) 0.01 (0.001) 0.01 (0.002)
BH-NS  0.007 (0.00002) 0.04 (0.02) 0.02 (0.01)
BH-BH  0.02 (0.00005) 9.9 (0.1) 4.9 (0.05)
Total 0.03 (0.003) 10.0 (0.1) 5.0 (0.06)
445 Mpc  NS-NS 0.2 (0.05) 0.2 (0.01) 0.2 (0.03)
BH-NS 0.1 (0.0003) 0.5 (0.3) 0.3 (0.15)
BH-BH 0.3 (0.0007) 145.4 (1.6) 72.8 (0.82)
Total 0.6 (0.05) 146.1 (1.9) 73.3 (1.0)
4%97 Mpc  NS-NS 1.5 (0.5) 1.6 (0.1) 1.5(0.3)
BH-NS 1.0 (0.003) 4.8 (2.9) 2.9(1.5)
BH-BH 2.8 (0.007) 1454.6 (16.4) 728.7 (8.2)
Total 5.3(0.5) 1461.0 (19.5) 733.2 (10.0)
4*300 Mpc NS-NS  44.3 (15.1) 45.9 (4.0) 45.1 (9.5)
BH-NS 29.7(0.1) 141.9 (85.4) 85.8 (42.8)
BH-BH 82.4(0.21) 42768.0 (483.3) 21425.2 (241.7)
Total 156.4 (15.2) 42955.8 (572.7) 21556.0 (294.0)

Notes. Detection rates for model A (B) as a function of sensitivity of a given
instrument. Sensitivity is defined as the sky and angle averaged distance horizon
for detection of a double neutron star inspiral. The rates are given for a local
universe consisting of only solar composition stars (unrealistically high), 0.1 Zg
stars (unrealistically low), and for a 50-50 mixture of the above (realistic local

universe; Panter et al. 2008). The sensitivity of dp nsns = 18 Mpc and 300 Mpc

Belczynski+ 10

corresponds to the current and advanced (2015) LIGO detectors, respectively.
do.nsns = 45 Mpc and 97 Mpe were ehaosen sushthat par)pessimistic model (B) 72

results in 1 and 10 detections, respectively.
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GW from Magnetar Flare

Waveform
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Pulsar Timing Array

1/2 —2/3 I
o] [T HZ( M ) ( R ) Massive BH merger

— 1\ R3 500 km = f<|0Hz
= Seismic noise

3Mo

Earth term correlate
Quadrupole signal
f~1/T~1/10yr~nHz
h~o. [T

~100ns/10yr~10-'>
Ay~ 1-10 lyr

~1000 |
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GW Background

Hierarchical galaxy merger = SMBH binary
GW signal overlap = Stochastic background
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PTA Constraints
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SKA & Gravity by Kunihito IOKA (KEK)

0

Parkes Pulsar Timing Array
6 pulsars

s |lowest noise
longest obs.

pM(QGw)

Constrain SMBH models
1 Satisfy M-o relation
Assume circular orbits
Millennium Simulation 50%
Ag:<2e-15
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Future PTA
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Figure 12. Sensitivity of a PTA to a stochastic background of GWs as a function of total data span 7,
number of pulsars N in the PTA, and assuming 100-ns rms timing residuals. Black lines are for Npsr =20
21 Nov 2013 and T, of 5 yr (unmarked), 10 yr ), aaneh 2011 69 )k raspeetivelyarpdelines are similar for Npsr = 50 and 79

blue lines for Npsr = 200.



GW Astronomy by PTA

® VWe may expect a single strong source

— Direction within possibly ~arcmin

— Waveform

— Time machines (Earth term & Pulsar term)

— Luminosity distance

® First detection of GW memory

— Sensitive to mergers far higher than nHz

® Tests of gravity

b

.




Graviton Mass

log(m,)
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Dispersion relation of

" gravitational waves

2
mgc
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cut

=3 rad yr™' e
10eV

Pulsar Timing Array

" Qravitational waves

T, ~ day-year
, = o~ T
= mg<IO'22eV

Also polarization
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TABLE I. A list of the most significant mass limits of various types for the photon and graviton.

Description of method A= (m) us< (eV) p= (kg) Comments
1. Secure photon mass limits:
Dispersion in the ionosphere (Kroll, 1971a) 8 X 10° 3x10713 1074
Coulomb’s law (Williams, Faller, and Hill, 1971) 2 %107 1074 2%x1070
Jupiter’s magnetic field (Davis, Goldhaber, and 5x108 4x10716 7 X 1072
Nicto, 1975)
Solar wind magnetic field (Ryutov, 2007) 2x 101 (1.3 AU) 10718 2% 107
2. Speculative photon-mass limits:
Extended Lakes method (Lakes, 1998; Luo, Tu, Hu, 3 x10° 7% 1077 1072 Ac~4Rg to 20 AU,
and Luan, 2003a, 2003b; Goldhaber and Nieto, 2003) 3% 1012 &7X10720 &107> depending on B
speculations
Higgs mass for photon (Adelberger, Dvali, and No limit feasible Strong constraints
Gruzinov, 2007) on 3D Higgs
parameter space
Cosmic magnetic fields (Yamaguchi, 1959; Chibisov, 3x10" (103 pc) 6x107%’ 10762 Needs const B
1976; Adelberger, Dvali, and Gruzinov, 2007) in galaxy regions
3. Graviton mass limits:
Gravitation wave dispersion (Finn and Sutton, 2002) 3 X 10'? 8% 1020 107 Question mark
for scalar graviton
Pulsar timing (Baskaran et al., 2008) 2 x 106 9x 102 2%x107 Fluctuations due to
graviton phase velocity
Gravity over cluster sizes (Goldhaber and Nieto, 2 X 10%2 1072 2X1079
1974)
Near field constraints (Gruzinov, 2005) 3X10% (108 pc) 6Xx10732 10767 For DGP model
Far field constraints (Dvali, Gruzinov, and 3X10% (10" pc) 6x 1073 1099 For DGP model

Zaldarriaga, 2003)

21 Nov 2013

Goldhaber & Nieto 10"
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LISA = eLISA

No seismic noise

Coalescence of
Massive Black Holes

[e—

S,
p—
o0

NS-NS and BH-BH

Resolved Coalescence
Galactic Binaries

[\
)

10

SN Core
Collapse

p—

ol
[\
[\®]

Unresolved
Galactic -
10_24 Binaries LISA LIGO l
= Y

Gravitational Wave Amplitude

Frequency (Hz)

Arm length: 5x10°m = 10°m
Orbit may be drifting away from Earth
2 ?vaﬁ(fétime (UP tO 5 W}GravitybyKunihitoIOKA(KEK) LISA Pathﬁnéer
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eLISA, simulated

eLISA, Eq. (1)
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AR—RAE NIRRT > T7FDECIGO

Deci—hertz Interferometer Gravitational Wave Observatory

7—L K :1000 km
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Einstein Telescope

~1000 NS-NS/yr




The Gravitational Wave Spectrum

A

Quantum fluctuations in early universe
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o
Multi-Wavelen
T O D T O
103 102 103 108

5x100

10710 1012

-

20t century
observations:

In particular,
X-y-VHE vy
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Multi-Messenger

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

1450 m

2450 m
2820 m

menQ | CenturysMulti=Messenger Era .



Counterparts to GW

Gravitational VWave Sources Neutrino Gamma-ray

IceCube Lab

. '/ ’ / . ; : :
) UVOT RS \‘___ : f .“.
XRT \ el i 7 s

: U R
Spacecraft A &
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Counterparts to GW

Gravitational VWave Sou rces Neutrlno Gamma-ray

® Short GRB orlgln
Ct/v ® Confident GW detection ¥
® Parameter reduction %
=@ GW Astronomy
= @ GVW Cosmology
\'!! ® r-process elements
d Had ron phy5|cs o

v 2013 SKA vity by Kunihito IOKA (KEK) )
Gravitational wave f(G 1y IR-Opt



Short GRB = NS Merger?

Crashing neutron stars can make gamma-ray burst jets

Magnetic fields

Neutron stars

Masses: 1.5 suns

Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins 7.4 milliseconds 13.8 milliseconds

Jet-like
magnetic field
% emerges

<]

A Eichler+ 89
lack hole forms & s 7Y e
I?Aass: 2.9 suns Q Y : I ReZZOI Ia+ I I

Horizon diameter: 5.6 miles (9 km)

15.3 milliseconds 21.2 milliseconds 26.5 milliseconds

Credit: NASA/AEI/ZIB/M. Koppitz and L. Rezzolla

Most GRB Jets are Off-Axis = Faint




©Shibata, Hotokezaka

Merger of 1.3-1.4 M, , NS:
EOS=APRA4. stiff but relatively soft
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r-Process
Neutron-rich Ejecta = n-capture>p decay
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Macro/Kilo-nova

45
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l 1 1 1 1 |

0.5
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1 1.5
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Radloactlwty (r—process — [3 decay, fission, neutron)
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Discovery of Macro/Kilo-nova?
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Ejecta with
~0.01-0.1M
~0.1-0.3c
~10°°-10°%erg

L~10%'erg/s @z~0.356

Lo 22-23 mag if @200Mpc

~10 days
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BH-NS Merger

©Kyutoku
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Anisotropic Mass Ejection

— - 10 x (km)
v=0.5C 1500 ——m——— 77— 10
1000 |- ol B | v=0.5¢ 1
= 1000 o
5 L
€ 8 N 5p0 L 7
é O B ] | 6
> — 7 o -+—rn—t 1 v -I . 5
-1500-1000 -500 O 500 1000 1500
-1000 - RN dr1 6 x (km) 1
| . | \ l L 5 H z _
-1000 0 1000 €J 5
x (km)

Q. =~ Viewing angle diversity
ej Polarization

Kyutoku, K| & Shibata 13 .
21 Nov 2013 SKA&PiM“p'EF“MOt'On 101



Like Supernova Remnant?
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Radio Flare
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Merger Remnant
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Relativistic Shock Breakout

Relativistic
‘Shock breakout

Kyutoku, KI & Shibata 12 Not resolved yet
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Relativistic Shock
Acceleration

P I‘Sh e p_arela

After breakout,
shocked matter
accelerates to

1+\/§
rf — rsh
by converting heat
InNto motion

Johnson & McKee 71

> I
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Relativistic OQutflow
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Early & ngh Energy Emission
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© Philip Diamond (7 Oct 201 3)

SKA2 Key Science Drivers

* ORIGINS

— Neutral Hydrogen in the Universe from the
Epoch of Re-ionisation to now [SKAI]

« When did the first stars and galaxies form?
« How did galaxies evolve?
« Dark Energy, Dark Matter

— Astro-biology

Science with the
! Square Kilometre Array

« FUNDAMENTAL FORCES

— Pulsars, General Relativity and gravitational

waves [SKAI]

— Origin and evolution of cosmic magnetism

Science with the Square

Kilometre Array

(2004, eds. C. Cairilli & S.
Rawlings, New Astron. Rev., 48)

ploring 4 ? Universe with the world’s largest radio tele%%oe



Super-Massive Pop III Star?

Present Day
Massive Star

O

Omukai & Nishi 98;
Abel+ 02; Bromm+ 02;
Omukai+ 03;Yoshida+ 08;

Mini halo (first object): ~1000M
If all the mass is accreted to a proto-star,

First stars are.very MASSIVE?



Pop 111 GRB?

Present Day
GRB

Komissarov & Barkov 10
Meszaros & Rees 10
Suwa & Kl | |

Nagakura+ ||

de Souza,Yoshida & KI | |
Toma+ ||

Gigantic (x100).GRB.@ z~10-3022?
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Flux

e

| )V

K-correction =
Not dim @high-z

Spherical after
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Future Radlo Transmnt
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Flux Density (Jy)
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Fast Radio Bursts
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Summary of FRB Obs.

® DM=500-1000 cm pc (z=0.5-1)
® S ~Jy=E_~108%erg
® 0t=5.6ms,<4.3,1.4,]1.Ims

= cdt(l+z)"! < 1500(1+z)"! km

® Rate~(1£0.5)x10%sky/day~10-3/yr/galaxy
& Supernova rate 10-%/yr/galaxy

® No repeated bursts so far

® No counterparts so far
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Expected Rate =,

Trott+ |3

High Scattering

Low frequency component SKAI could =1
find an extragalactic burst every hour - 5
Bl 4.0
[ I event/hour
Rl ! : .
2 |H -L |
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| il | | |
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Telescope

Figure 2. Expected number of FRBs per hour for various observatories in the high-scattering simulations. The solid bars show the
number of FRBs detectable in imaging surveys, assuming different spectral indices of: 0.0 (white), -1.0, -2.0, -3.0 and -4.0 (darkest grey).

The number of FRBs detectable in beamformed surveys are indicated by the corresponding transparent bars. The DM range used was
0 — 6008 pdent®33 SKA'& Gravity by Kunihito IOKA (KEK)



Possible Origins

® RRAT (Rotating Radio Transient; intermittent
pulsar)

® Giant pulse from a msec/young pulsar

® Evaporation of BH Rees 77; Blandford 77; Kavic+ 08; Keane+ 12
® SN into a nearby star Colgate+ 71,75; Egorov & Postnov 09
® Magnetar giant flare Popov & Postnov 07; Thornton+ 13
® Collapse of hypermassive NS Faicke & Rezzolla 13;Zhang 13
® Binary NS mergers Hansen & Lyutikov 01;Totani 13
® Superconducting cosmic strings Cai+ 12
®

Nearby flaring stars Loeb+ 12



Binary White Dwarft Mergers?

Kashiyama, KI & Meszaros |3
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FRB Cosmology
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Figure 15: Measurement capabilities of ET, eLISA, and PTAs. The hori-
zontal axis is the total mass of the binary system. The vertical axis is the
frequency of the gravitational waves. The left side shows the frequency
bands of the different instruments. The grey shaded region at the top is
inaccessible because no system of a given mass can radiate at such high
frequencies. The shaded region at the bottom is less interesting, because
the chirp mass cannot be measured in an observation lasting less than
10 years, so the mass and distance of the source cannot be independent-
ly determined. Sloping dotted lines show the three-year, one-day, and one-
minute time-to-merger lines. Sloping dashed lines are relevant dynamical
frequencies: last stable orbit and the frequencies of ringdown modes of
the merged black hole. Vertical lines indicate evolutionary tracks of sys-
tems of various masses as their orbits shrink and they move to higher
frequencies. There is some overlap in the mass-range of sources that
can be studied between ground and space detectors, but whether this
translates into real science depends on the instruments’ sensitivities and
the source populations. Among the most interesting, would be the ob-
servation of an intermediate-mass binary black hole (IMBBH) system (if
such systems exist) of around 1000 M, during inspiral and coalescence
with both eLISA and ET. This track is shown in the diagram as (IMBBH).
With such a source at redshift 0.5, both instruments might have an SNR
around 20 (see Figure 16), but most of the science-including the direc-
tion to the sour come elLl ment. Addition-
ally, tracks for b|%?a<g%‘e IS é’ N@;‘é i%lgng ive binary black

holes (SMBBHs) are shown.
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detection rate for adv. LIGO-Virgo network (yr™')
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Figure 6. Ps(Rg) (solid) is overlaid with individual P(R) ob-

tained from PSR B1916+13 (dotted) and the Double Pulsar
(short dashed). Based on our reference model, the Galactic NS-
NS merger rate is most likely to be 21 Myr—!. The corresponding

GW detection rateség@@gvﬁgggggﬁﬂitgqugwixsed GW detectors

is ~ 8 yr—1.

Kim+ 13,



i\(PPTA pulsar
O P =2 ms

O P =5 ms
Filled: S1400 > 2 mly

Figure 6. Distribution in celestial coordinates of pulsars suitable for pulsar timing array observations. All are radio-emitting MSPs (with P<20 ms) in
the Galactic disc except PSR J1824—2452A which is an MSP located in the globular cluster M28 (see text). The area of the plotted circle is inversely
proportional to the pulsar period and the circles are filled for pulsars with mean flux density above 2 mJy. The dashed line is the northern declination
limit of the Parkes radio telescope. Pulsars selected for the PPTA are marked with a star, red for the original 20 pulsars and mauve for the two pulsars
recently added to the PPTA sample (see text).
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SKA Layout

Dishes (high, d=15m, several thousand, 3000km in Africa)
Aperture Array (mid, low, more, 200km in Africa & Australia)

B O .\“‘\ G0 S

Spiral configuration
Many different baselines and angles

,.Random is better but more eXRERNSINE. 1y kunihito 10KA (KEK) 129



© Braun (7 Oct 2013
SKA Phase 1 (SKA1)
Cost €650M, construction start 2018

SOUARE KILOMETRE ARRRY .

Southern Africa Australia

PSS Rt J PR A L W
- o gl N, 1% e S

> A Y
SKA1_MID SKA1 LOW SKA1_SURVEY
254 Dishes including: Low Frequency Aperture 96 Dishes including:
190 x SKA dishes Ref. MWA (Murchison Widefield Array) 80 x SKA dishes
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© Braun (7 Oct ZOI%
KA Phase 2 (SKA2)

Cost > €1.5B; construction start 2022

Australia

Southern Africa

<y

SKA2_MID SKAZ_AA SKA2_LOW
2500 Dishes Mid Frequency Aperture Low Frequency Aperture
Array Stations Array Stations

Several million antennas
21 Nov 2013 SKA & Gravity by Kunihitg)falﬁﬂr(%?? Universe with the world’s |largest radio telesﬁ,’qpe



How does SKA1 baseline redefine

state-of-art?

= *

SAUARE KILOMETRE ARRRY .

WIA  |Meerkat| ¥AL | aggap | SKAL | LOFAR- | SKAL
mid survey NL low
Aeff/Tsys m2Kk | 265 321 1630 65 391 61 1000
Survey FoV deg2 | 0.14 0.48 0.39 30 18 6 6
2 4
Sy Speed BT 0.98x10° | 5.0x10° | 1.0x10° | 1.3x10° | 2.8x10° | 2.2x10" | 6.0x10°
Resolution arcsec 1.4 11 0.22 7 0.9 5 11
Aetl Toys: 6xJVLA 6XASKAP 16xLOFAR
Survey Speed: 100x 22X 270x

21 Nov 2013
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David Champion
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Timeline
| [ | |

Proposal responses

Proposal evaluation

g & 45

Cost ceiling established
Design consortia start d
Preliminary Design Review

Prototype systems deployed

Critical Design Review

-
L
u
Seek SKA1 funding _
I

Develop SKAO governance

SKA1 construction approved

Tender & procure construction -

Detailed design of SKA2 _
I

SKA1 early science

| | | | | | | | |

21 Nov 2013 2013 2014 2015%62016/ 20272018 2019 2020 2021 2022
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Figure 16: Beaming fraction plotted against pulse period for four different beaming models: Narayan
& Vivekanand 1983 (NV83) [269], Lyne & Manchester 1988 (LM88) [243], Biggs 1990 (JDB90) [37] and

Tauris & Manchester 1998 (TM98) [360].
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Figure 18: The relativistic binary merging plane. Top: Orbital eccentricity versus period for eccentric
binary systems involving neutron stars. Bottom: Orbital period distribution for the massive white dwarf-
pulsar binaries. Isocrones show coalescence times assuming neutron stars of 1.4 M and white dwarfs of

0.3 M.
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Figure 23: Examples of timing residuals for a number of normal pulsars. Note the varying scale on

21 Novthelaerdinate axis, the pulsars being sianked inviimdressing iorder of tiriing “activity”. Data taken from the 137
Jodrell Bank timing program [335, 146]. Figure provided by Andrew Lyne.
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Figure 24: The fractional stability of three millisecond pulsars compared to an atomic clock. Both PSRs
B1855+09 and B1937+21 are comparable, or just slightly worse than, the atomic clock behaviour over
timescales of a few years [254]. More recent timing of the millisecond pulsar J0437—4715 [388] indicates
that it 1s inherently a very stable clock. Data for the latter pulsar provided by Joris Verbiest.
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CONTOURS OF DISPERSION MEASURE

Cordes & Lazio 02

Fic. 15.— Contours of DM integrated to infinite distance
and plotted against Galactic latitude and longitude on an Aitoff
projection with the Galactic center in the middle and negative
longitudes to the right. Contours are at 4000/2™ pc cm~3 for

n=20,1,...,7, with the lowest contour at the Galactic poles.
21 Nov 2013 SKA & Gravity by Kunihito IOKA (KEK) 139



21 Nov 2013

C

3500

Q

NE2001
3000

2500

—=— NGC6334

2000

—=— Crux—Scutum

(pc em™?)

1500

DM_

1000

-=— Perseus

500

IlllIllllllll]lllllllllllllIllll,'_

180 120 60 0 -60 —-120 —180
Galactic Longitude (deg)

Fic. 11.— Plot of DM (¢,b), the maximum DM obtained
by integrating the NE2001 model. Heavy solid line: b = 0°.
Light solid line: b = —5°. Dotted line: b = +5° (offset by -20
pc cm ™3 in the vertical direction for clarity). Plotted points are
pulsars with |b| < 5°. Filled circles: pulsars from the Princeton
catalog. Open circles: pulsars from the public Parkes Multibeam
catalog. Labelled features include tangents to the spiral arms and
maxima associated with the ring component, the Gum Nebula and
Vela supernova remnant, and the H II complex NGC 6334. The
gaps near £ = +15° and —20° and DM < 200 pc cm™3 are real,
appearing in both samples, and signify either the real absence of
pulsars in the corresponding volume or the presence of large electron
densities in these directions fairly close to the solar system. The
absence of pulsars above ~ 1200 pc cm 2 is due to selection against
such objects by Pifise Troadenitgnfnom! @idpéfsion smearing and

scattering.
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TABLE 1
DATA SUMMARY

Number of Measurements

a

Work D DM Td Avg  04,Gal 04 xgal
TC93 74 553 120 74 38 42
This paper 112 1143 159 110 118 94

%The number of distances is the number of distinct lines of
sight. A globular cluster with multiple pulsars is counted as

only one line of sight.
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SKAI PSR Survey

U.II’emeIltS SKA Design Reference

Table 5-1. Pulsar Surv cientific Requirements Mission: SKA Phase |
Parameter Value
Pulsar luminosity 0.1 mJy kpc” at 1400 MHz within 10 kpc >99.9% PSR
Pulsar period 0.5 ms—10s Currently 1.4ms-10s
Dispersion measure At least 1500 pc cm™ For Galactic center
Sky coverage Entire sky visible from its latitude on Earth,For MSP
above notional elevation limit of 10 deg (TBC)
Pulsar orbits Orbital periods at least as short as 30 minutes MSP in binary
Table 5-2 Pulsar Survey Technical Requirements
Parameter Requirement Comment

Aesi Teys 500 m* K™ Pulsar luminosity, period, DM
Frequency range 0.3-3 GHz Pulsar spectra, period, DM
Frequency resolution <10 kHz DM ,

: : Pulse width
Temporal resolution 50 ps Pulsar duty cycle, period, DM ~Imsx | 0%
Array filling factor “high” Pulsar luminosity, processing; see text
Array data product voltage time series . Processing, pulsar period, DM

over entire FoV



SKA1 PSR Timing Requirement

SKA Design Reference
Mission: SKA Phase |

Table 6-1. Pulsar Timing Scientific Requirements

Parameter Value

Pulsar luminosity 0.1 mJ]y kpc® at 1400 MHz
within 10 kpc

Sky coverage > 2 st

Gravitational wave strain 107*¢
Time resolution capability 100 ns

Table 6-2. Pulsar Timing Technical Requirements

Parameter Requirement Comment
Aes/ Toys > 1000 m* K Pulsar luminosity
Array data product multiple independent voltage Processing

time series, notionally at least
20 such data streams

Frequency range 0.8-3 GHz Pulsar spectra, timing precision
Frequency agility switch between observing Timing precision

frequencies within 10

minutes or less
Polarization purity 40 dB Timing precision, coupled to Array

Data Product requirement; see text
Timing stability connect pulse time of arrivais-vilionger iprograms<iead to ever higher
g )8
over at least 10 yr precision tests; see text
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Figure 6-1. Each panel shows the sensitivity required, as a function of pulsar period, to obtain the
required rms TOA level (500, 200, 100, and 30 ns). The curves are for flux densities of 30, 10, 3, and
1 mJy (in thickness, from stronger to weaker, or lower right to upper left). The curves also assume that
the pulsar duty cycle is 10%, the time to acquire a pulse profile is 1 hr, and the bandwidth is 500 MHz for
an observation frequency of 1400 MHz. These curves show the contribution from “white noise” or

uncorrelatesh uncertainties; “red noise’’weontributions,e.g.drem) pulsar timing noise will lead to:darger
rms TOA levels.




SKA VLBI Requirement

Table 7.1. Scientific Requirements

Parameter Value

Positional Accuracy 20 mas at low signal-to-noise ratio (5)
1 mas at high signal-to-noise-ratio (100)

Sky coverage > 270 St

Table 7.2. Pulsar Astrometry Technical Requirements

Parameter Requirement
Observing Frequency 1 -3 GHz
Maximum baseline 200 km
Instantaneous > (.25 deg’
Accessible Solid Angle

Pulsar gating Enable correlator to only

record when pulsar is “on”

Comment

High signal-to-noise ratio, resolution,
ionosphere calibration

positional accuracy
In-beam calibrators

Improve signal-to-noise ratio of the
pulsar
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Probability density
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Change in direction of angular momentum!
——

Flat spacetime Spacetime "wrwd@ho mass of the Earth
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