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Pulsating Source of Radio
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a.k.a. CP 1919, PSR J1919+2153
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J. Jeff Hester, “The Crab Nebula: An Astrophysical
Chimera”, Annu. Rev. Astro. Astrophysics.
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@ New pulsars discovered in a blind search

Fermi Pulsar DeteCtiOnS @ Millisecond radio pulsars

@ Young radio pulsars
€ Pulsars seen by Compton Observatory EGRET instrument

Fermi team
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PD=19.210.9%, PA=155.8%1.4°

at 2.6/5.2 keV
(0OS08, Weisskopf+78)

off-pulse extraction

PD=46x10%, PA=123%11°
at 0.1-1 MeV
(INTEGRAL SPI, Dean+08)

off-pulse extraction

PA=124+0.1°
Pulsar spin orientation (Ng+2004)
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Chandra X-ray Image Hubble Space Telescope




HMcEZE (Crab Nebula)

Chandra, Hubble, and Spitzer image (NGC 1952)




MNEZOBEE /Y —BE

The outer shock
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a low-density cavity ShO.Ck e b E‘ll(_)c')’tvcg\r’i)srte.shock density
is currently undetected relative to freely — high v
expanding ejecta * Long cooIings; time
V.=V » Skin absent/no longer forms
* Fewer, older R-T filaments

Shading represents . “Synchrotrcin nebula appears to .
density of ejecta freely break out” beyond filaments but is

-V .
observed free.expansion

: A still confined by the shock.
expanding from ’\ .
explosion center L

Synchrotron nebula

interior  Cooled post-
shock gas
([O 1],
[Ne V]’skin”)

Pulsar \. \ / y

Explosion center — Pulsar
proper b Shock driven by
Jet motion f .
Southeast: pressure of combined

* Higher preshock density R-T fingers Synchrotron nebula
— low v,

» Short cooling time

+ Skin present/still forming

* More [S II] in skin

* More, younger R-T filaments

» Synchrotron nebula confined
within skin and thermal filaments

Prominent
“classical filaments”
in cusps of bubble-like
shock structures,
possibly formed by
thin-sheet instabilities

J. Jeff Hester, “The Crab Nebula: An Astrophysical
Chimera”, Annu. Rev. Astro. Astrophysics.
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Chandra X-ray Image of Cassiopea A (Stage+2006)
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Fig. 3. Average pulse profiles observed by Tenma in three different energy bands for three
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Table I. The X-ray binary pulsars with CRSF.

Object E, [keV] Instruments 20 — ——
4U 0115+63  11.8,24.1 ' HEAO-1 — —
34.5, 470 7 SAX - RN
66.5 % RXTE - N
4U 1907409 18, 38 W Ginga® SAX L A + -
4U 1538-52 20 13) Ginga ! 4 + A
Vela X-1 24, 52 Mir!® RXTE * 4
X0331+53 26, 16) Ginga >
49, 74 1) Integral =,
Cep X-4 28 18) Ginga &' | ORXTE('99) double inc.
Cen X-3 29 19) SAX ~RXTE('99) double dec.
X Per 29 20) RXTE | ARXTE('99) single
MXB 0656-072 32.8 ) RXTE 1o L Ginga('90) double _
XTEJ1946+27 36 22) RXTE *Ginga('91) single \
AU 1626-67 37 23) SAX ! \
GX 301-2 37 2) Ginga \
Her X-1 41 1) Balloon A S A |
A0535+26 50, 110 %24 HEXE 0.1 1 10
25) Suzaku Integral RXTE Lx [10%7erg s~
GS1843+00 20 ? 2) Ginga
OAO1657-415 36 ? 26) g4 X Fig. 1. Change of the CRSF energy with lumi-
LMC X-4 21 7 100 ? 2 Ginga 27 SAX nosity in 4U01154-53 taken from Nakajima

2006.%) The dashed line is the prediction
by the height model (Fy = 18 keV).

T. Mihara et al., “Cyclotron Observations of Binary X-ray Pulsars”,
Progress of Theoretical Physics Supplement No 169, 2007
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Physics and Observations of Neutron Stars
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# T X)L¥—: X-ray Dim Isolated Neutron Stars

HOEKIT 5 (C 3 B BRI D7E WM R EFE, B DE:

i JE HE & BV TR XERIE

RX J1856.5-3754 "

® _ Star 122

XBAA=Y RS

= - Star 125

Star 23 -

/
# - 10/6/96

RX J1856.5-3754

W - Star 124

Table 1 X-ray and optical properties of the Magnificent Seven (Haberl, 2008)

Object kT Period Amplitude Optical PM
eV S % mag mas/year

RX J0420.0-5022 44 3.45 13 B = 26.6

RX J0720.4-3125 85-95  8.39 8-15 B = 26.6 97
RX J0806.4-4123 96 11.37 6 B > 24

RBS 1223(%) 86 10.31 18 Megecd = 28.6

RX J1605.3+3249 96 6.887 ? B = 27.2 145
RX J1856.5-3754 62 — <1.3 B = 25.2 332
RBS 1774 102 9.44 4 B > 26
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= Wi E7%8% O F/ODOE X #RIRo

(De Luca, 2007)

BRI DEWXIRTRETE SMLFETFE?

15

20

CCO SNR Age d P fpa B L ol

(kyr) (kpc) (s) (%) (10" G) (ergs™!)
RX J0822.0 — 4300 Puppis A 3.7 2.2 0.112 11 <9.8 6.5 x 1033
CXOU J085201.4 — 461753 G266.1 — 1.2 1 1 e <7 . 2.5 x 1032
1E 1207.4 — 5209 PKS 1209 — 51/52 7 2.2 0.424 9 <3.3 2.5 x 1033
CXOU J160103.1 — 513353 G330.2 + 1.0 >3 5 <40 1.5 x 1033
IWGA J1713.4 — 3949 G347.3 — 0.5 1.6 1.3 e <7 e ~1 x 1033
CXOU J185238.6 + 004020 Kes 79 7 7 0.105 64 0.31 5.3 x 1033
CXOU J232327.9 + 584842 Cas A 0.33 3.4 <12 4.7 x 1033
XMMU J172054.5 — 372652 G350.1 — 0.3 0.9 4.5 3.4 x 1033
XMMU J173203.3 — 344518 G353.6 — 0.7 ~27 3.2 1.0 x 103
CXOU J181852.0 — 150213 G15.9+0.2 1-3 (8.5) ~1 x 1033
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RiETFEDYIES & SHRE (F & 0)

((~1 s, ~THTIZE D7)
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LEDE
: \ == HEEE
5 -
r = mE T
hiEFED N (1057 T, ~3-41IEE D7)

C;E) T ) BEERBEEM
%1% B
 (~10'2 G, 8ifiiZ £ D73h) | 5 |
BE M (-1.4MW., 15513 & 05 7%)
( S 5IcHk )—) <10 km, 1TiEE DR %) &

FEFEOEFRNLBYBINGA—TDEWVICNZA. BBRIEEDHEEAT
RIS (Neutron Star Zoo). EiIED. DDEIELY
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James M. Lattimer, “The Nuclear Equation of State and
Neutron Star Masses”, Annu. Rev. Nucl. Part. Sci. 2012
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(f11) X-ray Pulsar (NS+OB Supergiant)

Rawls+2011

Cen X—-3, $=0.9, i=76.35°, orbital phase 34°

S o \/1—(R/a)2
S| - S111 7 — -
sin 0,
/ . : 4 Oe : eclipse half angle
I \ . .
= 7] -y ] R : Optical stellar radius
f ] \‘ \ 4 a : Orbital separation
: \ ‘
i I ) Cen X-3, $=0.9, i=76.35°
-
[« $=34°, 33° (NS visible)
ttlv u . " » $=32° 31° (NS eclipsed)
sl
|
B ]
\ G
‘\ l\ II II
2 2 -
| ga .
—10 -5 o 5 10 0
x (Rg)




(1) X-ray Pulsar (NS+OB Supergiant)

4U
=0  LMC X-4

LM

| | | Rawls+2011
Vela X-1 e Table 3. Analytic Neutron Star Masses®
. - : 4U 1538-52 S}'Sleln AI‘\' ‘:.\I ) 2 (deg) =0
— NERSERS:S
o SMC X-1 Vela X-1  1.61740.130 85.9+ 2.0 8.0 %

1538-52° 0.859 + 0.200 67.3+4.4 23%

e SMC X-1  1.067+0.116 67.8+4.7 11%

CX-4 1.25240.108 68.8+39 8.6%

Cen X-3 1.349 £ 0.146 725+ 4.8 11%
Her X-1 0.890 £ 0.280 82.0+3.7 31%

Neutron Star Mass (M)

B =R f(Mx, Mo, i) I&. EEEFHD K Y

77 —BADSBEL KX S,

c_1’L7'J‘b'=F'ﬁ?rg(xﬁg)wﬁzﬁz,\']m'é'%kﬂ inclination i & fEE(—

= Mo%Z 15|

ERKOZVDEDB S,
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($12) Binary Pulsar (NS+NS System)

PSR 1913+16 OEREA (E/RDOBEZREEHLE U T 1993 Fic ./ —NJLE)

o — ey
Gravitational waves pe .
Taylor & Weisberg (1982) g
Mns1 = 1.41+/-0.06 Msun (4.3%) '
Mnsz = 1.41+/-0.06 Msun (4.3%)
Weisberg & Taylor (2010) f 5 | g
MNS1 —_ 1 4398+/_00002 MSUH (001 3%) é 30 : General Relativity prediction »._.
Mns2 = 1.3886+/-0.0002 Msun (0.014%) .
— RN RO M ICIIH U ETIVIRES DB ‘ ‘ \]

1975 1980 1985 1990 1995 2000 2005
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1 1 1 1 I 1 1 1 1
4U1700-37 (32)
Vela X-1 (33)
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4U 1538-52 (33)
SMC X-1 (33)
LMC X-4 (33)
Cen X-3 (33)
Her X-1 (33)

XTE J2123-058 (35)
25 0921-630 (36)

4U 1822-371 (37)
EXO 1722-363 (38)
B1957+20 (39)

IGR J18027-2016 (40)

J1829+2456 (42)
J1829+2456 comp. (42)
J1811-1736 (43)

J1811-1736 comp. (43)
J1906+0746 (44)
J1906+0746 comp. (44)
J1518+4904 (27)
J1518+4904 comp. (27)
B1534+12 (45)
B1534+12 comp. (45)
B1913+16 (46)
B1913+16 comp. (46)
B2127+11C (47)
B2127+11C comp. (47)
J0737-3039A (48)
J0737-3039B (48)
J1756-2251 (49)
J1756-2251 comp. (49)
J1807-25008B (29)
J1807-2500B comp. ? (29)
B2303+46 (31)
J1012+5307 (50)
J1713+0747 (51)
B1802-07 (31)
B1855+09 (52)
J0621+1002 (53)
J0751+1807 (53)
J0437-4715 (54)
J1141-6545 (55)
J1748-24461 (56)
J1748-2446) (56)
J1909-3744 (57)
J0024-7204H (56)
B1802-2124 (58)
J051-4002A (56)
B1516+02B (59)
J1748-2021B (60)
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J1738+0333 (61)
B1911-5958A (62)
J1614-2230 (63)
J2043+1711 (64)
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X-ray/optical
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Double-
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Main sequence-
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RiEFEDESE

James M. Lattimer, “The Nuclear Equation of State and
Neutron Star Masses”, Annu. Rev. Nucl. Part. Sci. 2012
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Likelihood

RSP EFEDERTORE

HMXBs +
slow PSRs

16 1.8 2.0

F. Ozel, “On the Mass Distribution and Birth Masses of
Neutron Stars”, Astro. Phys. Jour. 757, 2012
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(13) Shapiro Delay (NS+WD System)

.N ‘

&

(c) Bill Saxton, NRAO/AUI/NSF




(13) Shapiro Delay (NS+WD System)

A

Demorest+2010

DS > e ZEf Z EE g 2D /NL A DEN

1.0

R
At = ——S ln(l — UuUnNgs - llWD)
C

Schwarzschild radius of gravitational mass
_ 2GM

2
C
Unit vector pointing to the NS, WD

Uns, Uw D

R

most inclined pulsar system J1614-2230

Mwp = 0.500+/-0.006 Msun (1.2%)
i =89.17+/-0.02 deg (0.02 %)

Mns = 1.97+/-0.04 Msun (2.0%)

E(E 0.01-10% | E HVERK,
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L =47R? . oT*

F = L/(4wd?)
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(f11) RX J1856.5-3754

% 6 #EK [C T WIIAZ T2 X-ray Dim Isolated Neutron Star
EREANS ORABEIC K DELS, AIFRIE/XIR TR L,

PEEEDHETE
TETHHRNAETHRETEDD T, HST THREIEZ S,

d=61(+9,-8) pc (~15%) Walter+2001
d =142 (+58, -39) pc (~45%) Kaplan+2002
d=117 (+12,-12) pc (~10%) Walter+2002

2
1) BEREDIEE [FEHE L L
2) 26 ZHHAEDRTRZEDFHIEHA H LY
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(f11) RX J1856.5-3754

wm FE D HETE

B —KREBREFRHNTIRELTEEWMN?

1) Bi% - KKETILDKEFEEIZR WD ? (spectral feature D3R T 1L L L)

2) EXHZ —HRBE TIRETE S0 ? (/VLALGEL
3) EFZERDXREINDIRE IF1E U LhHY?

Drake et al., ApJ, 2002 Tld Chandra QEREINS D
BET~60eV EFIRDEEREL D

¥%ER=23.8--8.2 km

ERELUTE, PUFEE LTINS RFERLZDT,
JA—VE200EEEHDE UL TERZTAT,

Drake §8X TIELED 1) 2) D IID ERE L feo

mE T TE D)

8 T [ [ T T ‘ T T T ‘
i Data
Uncertainties ------------ h

Model

Photon Flux (107* ph/cm?/s/A)
~
w

20 40 60 30
Wavelength (A)

Fi. 1.—Combined positive and negative order spectra of RX
J1856.5—3754 binned at 0.5 A intervals, shown with the best-fit blackbody
model with parameters corresponding to method 2 in § 4 and residuals
(observations—model). The deviations from this model are consistent with
Poisson statistics after allowing for calibration uncertainties at the C K
edge and over broader wavelength intervals. The apparent edge at 60 A
results primarily from one of the HRC-S plate gap boundaries and small
residual QE differences between positive- and relative negative-order outer
plates.
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(f11) RX J1856.5-3754

Burwitz, A&A, 2003 Tl 1 SREE TIEEDLRBR VWD TIHEWH EHER. (IRE 1 D EEN?)

2 BEETIL

1 8EFETFIL

1 é_l_r S BE B - |—|—|-|-|-|—§
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EESDETFTILTEHERFEFZFENIFE NS LBV, UHhEHZFDEROERIT, P~7.055 #D55L)
(PF~1.2%)/VJL A DR S #1fz (Tiengo, ApdL, 2007). {R7E 2 HERLT=,
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FREEREZNS: XERDAXRYT NVEH

€
) -
) 4 ‘

BLAIR ErMYE XigiR(NS)
Interstellar Medium (ISM) EET, $ER

exp{—c(F)Ny} x (Intrinsic Model)

o (E) IRINERETRE: TRILF—IK=EFL FZEETE(cm?2)
EMPBEE UTEFEEITIETRZDEFTSDOM

NH KEBEZE: KFBICBEUR)EFRYMEDEH (cm-2)
XSPEC 7«1y hTRES5NS




FEMEIC X SXEERINORER

XigeiEi < H, He OBTETE ETE C, N, O, Ne, S, Si, Fe @ K,
[+ NS <EHTE D, L, M BREFICKBIRINHIRHIM< .
)3 S\xi;gc—\ e RELRILF—ITHI
: N \ N - T 2RISR Tl
e = | \\ N\ I\ ; 5 Ne-K E'3 ‘:HSQULI;F!E’}\O
E/ - \ \\\\ \\\ 1 . ;
S
s
((b)

Energy (keV)

Ebisawa lecture note
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BFLRDL S ONEBRINHEEZ TRERN TEAZMH T TRULEDT

Q =T T T 1 t“\\ ‘l\‘y_ \A =}H, He I B B N R
§ | - H /7 E?Iﬂﬁ‘z é
2 10" g yHe EDAERDZELS (mE840Es 0, Ne, MghE L)
S 102 B =
5 1070 N =
2 04 L > Mg S Fe =
a 10—4 E? g S ?E
10° & N Al ca - Ni =
s E . Cr -
vE Na Al Ti Zn =
10_8 = P Cl k ¥ n Co E
e F Cu
107 = B \ =
10710 ;? Sc _;
0 B Be BN RO RIE (BENEOEE) =
10_12 EI Coo o b o by by oy |§
0) 5 10 15 20 25

[ﬁiﬁﬁ@ﬁitﬂ*iﬁﬁi%!} 7

E. Anders et al.,Geochimica et Cosmochimica Acta 46, 2363 (1982)
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o EX, [10** cm?]

(7o3k & & DIRULERETR) X (FTTH=THAX)

10.0
700 - e Fe-edge (7.11 keV) Ni :
- 10T ou~1.8x1024 cm2 (IRINHD ) Fe | -
- T 10721 0d~8.6x1025 cm2 (IRUNED F) )
600 B E 10'3 - VAN 0"‘9.2X1 0_25 sz N
- 8 = =
400 = 104, =
- o, 5 fe & Z1E Nu=1024 cm2755 :
i 10_6 ‘ exp(NHO ¢)~0.42 ol -
goo 10 o exp(NHA 0)~0.40 a -
200 - -
100 - .
- i
: H2 :

I TR o oo

Wilms et al., ApJ (2000)
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Gravitational Light Bending

observer

Becker+200_9

R

~ 3 km (
\/1 Rs c? M@

R

Ro=R-(142)=

1.4 KIFE =, 10 km EZFOPEFE: 2~0.3, 1.3 EFICRZS
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EFEZHS: XEg/IN—R ~D Continuum Spectrum

IN—ZANFICERADODEAEN X EBETEVWTWS ERELT,,
Re (= Rp(1+2)/f?) = d\/Fsx /(cT%)

NS4 -~ _
"
\ _
\
\
\
\
\
‘ _
NS5 / ‘

12 14
Radius (km)

Bhattacharyya, 2010
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FFEZED: X#F/IN—X M D Spectral Line Method
2T R LI B A B RIROE TR E FIF,

1
V1 —2GM/c2R
| NS4 -

8 10 12 14 16 18

Radius (km)

Bhattacharyya, 2010
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FExHS: XiR/\—X MDD PRE
JN—X ~FIHA L 58 LRSI T Photospheric Radius Expansion Y& =I5 ¢ ¥ KV HEA,
4rGMc

And® Fraq = p (1+2)

Mass (Mg)

8 10 12 14 16 18

Radius (km)
Bhattacharyya, 2010
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EEERD: XEN—RNEFET

Ozel, Nature 2006 TIFEE DT 5Z 5O T EXO 0748-676 DEE. ¥EZHEE L

i 1 1 1 1 I 1 1 1 1 1 1 1 1 1 i
. Rotational _ §
2.5 — broadening Redshift o
2 I -
i Eddington ]
— i limit i
® - _
; 1.5 -
0 i i
% _ -
= 1r n
! Surface i
05 emission _
0 - 1 1 I 1 1 1 1 ]
0 5 10 15 20
Radius (km)
Table 2 | The neutron star properties that are obtained from the obser-
vations summarized in Table 1
Neutron-star property Dependence on observables Constraint
M fac (Gay) =0 o, 210£0.28Mo 139,
es \ O, Z — - [ e |
R s veeren e, EIC & BEEMENE
Kes \ O/, (1+2) S (0} \ # XN
2 Y2, (142)2 o ; D ‘1*%127’3‘5\'\ ?
D fac (&,n.at) L(an ol 92+ 10kpc  119%,

Ozel, 2006
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EEERD: XEN—RNEFET

2.5_||||||||||||||| T T II, ||||||||| | 2.5_|||||||||||
- 4U 1608-52 | 18 0.0014 - EXO 1745-248
2r 18 0.0012 2r
i {F 0.001 i
SR — s SR
= 1l 00008 = T
s | il s |
'n | —10.0006 'n
i 1| 0.0004 i
0.5 —| - 0.5
i 1| H0.0002 !
07I| L1 | 111 | 111 | 111 | 111 | 111 | 111 | 11 1 | L1 | _0 O_II | |
0 2 4 6 8 10 12 14 16 18 0 2 4

(Steiner, 2010)
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ZDMHEDFEDEETTE (1)

X fFIN—RAMTHREHEIN S kHz QPO

(Bhattacharyya, 2010)
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Frequency (Hz) Fig. 12. This figure shows the radial profiles of various frequencies (color |
coded) of equatorial circular orbits in Kerr spacetime (see Section 3.3.1). 1.0
Fig. 11. Power spectrum of a neutron star LMXB showing a pair of kHz Two angular momentum parameters (= 0.0 (solid) and j = 0.3 (dotted)),
QPOs (see Section 3.3.1). The vertical dotted lines show the centroid and neutron star mass = 1.35M, are used. These frequencies may be

useful to understand the kHz QPOs (see Section 3.3.1). (For interpretation
of the references to color in this figure legend, the reader is referred to the
web version of this paper.)
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frequencies of these QPOs.

(Cackett, 2010)
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Left: Fe line profile for Cyg X-2, excluding a central circular region of varying radius. Black: exclusion circle radius = 0 pixels, red: radius = 30 pixels,
lius = 60 pixels, blue: radius = 90 pixels. The Fe K line profile remains consistent regardless of the extraction region used. Right: Fe line profile for Ser X-1
Suzaku observation. Only data from XIS 3 are shown. Colors denote the same size extraction regions as for Cyg X-2.
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|| Gravitational Redshift: M/IR (LMXB)
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Measurement of redshifted narrow atomic features (WP3)

e direct M/R measurement; free from the uncertainty of the distance
Appeling but quite challenging. Requirement:

e metal is not completely ionized (<1.5 keV for Fe) under a low luminosity
e not substantially broadened by thermal, magnetic or rotational effects

Terzan 5 (slow spin, low magnetic field? LMXB) in globular cluster

e Need a further feasibility study: confusion of X-ray sources in a globular cluster.
Is there another appropriate target (e.g., face-on LMXB system)?
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