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Neutron Stars
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Interior of Neutron Stars

outer crust 0.3-0.5 km

D -— ions, electrons

inner crust 1-2 km
—&—— electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquic

few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?
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Outer crust: Ne
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f4 x10"gem™3 ~0.8 x 13’4 gcm™3 ~0.8-1.8 x 10 gcm™3

4x101"gcm3

g cm=3
1.4 x1014g cm-3
Quter core: n,p,e,u

Outer crust
Core

L — 100-1,200 m > 25-250 m —>|<— 5-30m —>
~— L =
I Pure neutron (super)fluid

I Neutron + proton fluid
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Pasta phase Inverted pasta (bubbles)



Neutron Star Equation of State
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Various models of the density and pressure
of the interior of a neutron star exists



Gamma-Ray Bursts



First gamma ray bursts detected by
VELA satellites in 1969




Discovery
of GRBs

1970 August 22 burst from
Klebesadel et al. (1973).

Burst durations ranged from 0.1 s
to 30s.

Burst fluences ranged from 10~
erg cm=2to 2x103 erg cm™.

Peak of spectrum above 10 keV
maybe up to 10 MeV.

Detector Count Rate (counts/sec)
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In 1993 there were 135 models

Nemiroff, R. J., 1993, C on Astrophysics, in press.
Table 1
Model  Author Yoar Relerence Main 2nd Place Description
# Pub Body Body
1. Cokate 1968 CJPhys, 46, 5476 i COS SN shocks stellar surlace in Gistant
2. Colate 1974 Kp, 187, 333 ST COS  Type Il SN shock brem, inv cu:\':'u'n"n"mau surtace 81.  Trofimenko otal. 1969 ApASS. 152, 105 COS  Kerr-Newman whi
3. Stecker et al. 1973 Nature, 245, PS70 ST DISK Siellar superfiare fom nearby star 82.  Swrrock et al 1980 ApJ, 346, 950 NS DISK NS E- fied accalorates electrons whch than par cascade
" Steckor o! al. 1973 Natre. 245 PS70 wD DISK e m WD 83, Fonimore o & 1988 ApJ, 335, L7 NS DISK ow absorplion featres smal wf:ﬂ on NS
5. Hawiletal 1973 AgJ, 186, 137 NS  COM DISK comet pert 10 collide with old galactic NS 84.  Rodrigues 1969 AJ, 08, 2280 WD WD  DISK Binary member loses pant of crust, theough L1, hits primary
6. Lamb et al. 1 Nature, 246, PSS2 WD ST DISK Accretion onio WD from flare in companion 85.  Pinsault ot al, 1960 ApJ, 347, 1141 NS COM DISK Fast NS though Oont clouds. fast WD bursts only optical
7.  Lambetal 1973 Natre, 246, PSS2 NS ST  DISK Accretion onio NS ¥om fare in companion 86.  Mela ot o 1969 ApJ, 346.378 DSK E slecirostatic accel and Comp scat rom rot high-B NSs
8. Lamb et al. 1973 Nature, 246, PSS2 BH ST  DISK oo BH ¥om fare in companion 87. 1989 ApdSS, 150, 301 WH COS  Diforent types of white, “grey” holes can emit GRB
9. wicky 1974 Ap&SS, 28, M NS NS chunk by external pr B8 Eichler ot al. 1989  Nawre, 340, 126 NS NS COS NS-NS s , coalesco
10. Grindlay ot al 1974 ApJ, 187, L83 DG ic iron dust grain up-scaners solar radiation 8. Wang ot al, 1989 PRL, 63, 1550 NS DISK  Cyclo res & Raman scat fits 20, 40 keV dips, magnetized NS
1. Brecher et &l 1974 ApJ, 187, 167 ST DISK Dwected steliar flares on stars 90.  Aexanderetal. 1969 ApJ, 344, L1 o OISk mag opacity in NS
12, Schlovekii 1974  SovAsvon, 18, 300 WD COM DISK from system's cloud strikes WD 0. Mela 1990  ApJ, 351, €0 NS 0ISK a9 plasma
13, Schiovski 1974 SowAsvon. 18, 390 NS COM DISK Comet from system's cloud sirkes NS SRR g B0 AL NS 0ISK 'm“' from neutron stars
14, Bisnovalyi- et al. 1975 ApASS, 35, 23 sT Absception of neutrino emission from SN in stellar g rolanor et 1990 ApaSS, 165, 137 COM  DISK In ots pass h dead puisars magnewsphere
15, Bisnovatyi- et al. 197§ 35.23 ST SN COS Thermal emisson when small star heated by SN shock wave . 1990 ApJ, 360, 197 DISK ¢ g n strong NS magnetic fisld
16.  Bisnovalyl- et al. 1975 Ap&SS, 35, 23 NS %cu maner from NS explodes 85.  Blaes etal 1990  ApJ, 363, 612 NS ISM  DISK Od NS accretes from ISM, surface goes nuclear
17.  Pacni ot al. 1974 Nature, 251, 399 NS DISK crustal starquake gliich, should ¥me comcide with GRB 96. 1990 ApJ, 363, 218 NS NS COS NS-NS colksion causes v colisions 10 drive super-Ed wind
18, Nariikar ot &, 1974  Nature, 251, 500 WH White hole emits at softens with Ime 97.  Zdrarskietal 1991 ApJ, 366, 343 RE  MBR COS Se-v;! photons by rel e-s
19. Teypan 1975 ABA, 44,21 NS NS Qi ..3.‘3""" ' E & B foids 58, 1960 Nadwre, 345, 233 NS COM DISK Young s own Oort cloud
20.  Chanmugam 1974 ApJ. 193, L7S WD DISK Convecton inside WD with B field produces fare 99.  Trofmenko etal. 1951 ApASS. 178, 217 HALO White hole superova gave simul burst of g-waves from 1687A
21, Priutski ot al. 1976 Ap4SS, 34, 305 AGN ST  COS Collapse of supermassive in nucleus of active palaxy 100.  Molia ot al, 1991 Apy, 373, 198 NS DISK NS B- fiaid 0 1 plasma
22, Narfikar ot al, 1975 Ap&SS, 3§, 321 WH WH excites synchroron emission, inverse Compion scal 101, Holcomb et &l 1951 ApJ, NS DISK A¥on waves in non-unform NS @ accelerate particles
23.  Pianetal 1975 Natwre. 256, 112 BH DISK Inv Comp scat deep in phere of fast rotating, accreting BH 102, Haensel et al 1891 ApJ, SS SS COS Svange stars emi binding mvwsh grav. rad, and colide
24, Fabian et al. 1976 ApASS, 42,77 NS DISK NS crusiquake shocks NS surtace 103. Baes ot al. 1991 Apy, NS ISM  DISK Siow interstellar accretion onio NS, e- capture starquakes result
25. 1976 ApASS. 42, 83 wD DISK Magnetic WD suffers MHD instabilities, flares 104, Frank ot al 1952 ApJ, NS DISK Low mass X-ray binary evolves into GRE sies
26.  Mullan 1976  ApJ, 208, 199 wD DISK Thermal radation from flare near wD 105, Woosley ot & 1892 ApJ, 391, NS HALO Accn WD collapses 0 NS
27.  Woosley et al 1676 Natre, 263, 101 NS DISK Carbon delonason from accreted maner onto NS 106, Hojman et al 1883 ApJ, 411, 541 NS OH&O NS at M halo "°"‘°‘2’ -g-a-d by hycro density jump
28. al ApJ, 217,197 NS ISK  Mag gatng of accret disk around NS causes sudden accretion 107, Daretal 1892 ApJ, 388, 164 WD WD accretes w form nakec NS, GRBs, cosmic rays
20. Pranotal 1977 ApJ, 214, 268 BH DISK  Instadikty in accretion onto rapidly 108,  Thompson etal. 1093 ApJ. 408, 104 NS COS  Sudden NS convection with high B drives e- pairs, gammas.
30. 1979 ApASS, 63, 517 Charged intergal rel dust grain enters sof sys, breaks up 109, Hanami 1992 ApJ, 389, LT NS PLAN COS Ns~=gnl a9
31, Bygan 1980 ABA, 87, 224 wD DISK WD surlace nuclear burst causes * 110, Moszaros tal. 1992 ApJ. 397, 570 NS NS COS NS - NS colison produces ani '
32. Tsypan 1980 ABA, 87, 224 NS DISK NS surlace nuclear burst causes chromospheric flares M. Eichler e al. 1892  Science, 257, 937 NS HALO W vel halo pulsars actrete aher being kicked from disk
33, Ramaty et al. 1681 . 75, 193 NS DISK NS vibrasons heat aim 10 par produce, annihdats, synch cool 12, Eichier et &l 1892 Science, 257, 937 WD WD  HALO maerger yieds G
34,  Newmanetal 1980 ApJ, 242, 319 N5 AST  DISK Astercd from interstellar mecium hits NS n3. Caner 1992 ApJ, 391, L7 BH ST  COS Normal stars ndaly Gsrupied by qelectic BH
3s,  Ramaty ot al. 1080 Naure, 287, 1 NS HALO NS wc&m caused by phase ransition, vibrations 14, Usov 1962  Namwre, 357, 472 NS COS WO collapses 1o form NS, B-field brakes NS rowson instantly
36, Howard el al 1981 ApJ, 249, 302 NS AST DISK Astercid has NS, B-field confines mass, creates high temp ns Blaes ot al 1892 ApJ, 399, 634 NS GAL  Oid NS accretes from mol doud, R- at Gust
37.  Muofanov etal. 1981 ApASS. 77, 469 NS DISK  Helium fash cooled by MHD waves in NS outer layers ne.  Naayan ot @ 1992 ApJ, 365, LE3 NS NS  COS NS- NS merger pves opticaly ol
38,  Colgate ot al 1081 ApJ, 248, 771 NS AST DISK hits NS, tcally disrupts, heated, expelied along B lines nz. Narayan ot al. 1982, ApJ, 395, LB3 BH NS COS BH-NS merper pives W'& Hick
35.  van Buren 1981 ApJ, 248, 207 NS AST DISK Astercid enters NS B field, dragged 1o surface collision 18 Brainerd 1992 ApJ, 384, L33 AGN JET COS Synchrovon emission ¥om AGN
40, Kuznetsov 1982 CosRes, 20, 72 MG SOL ic reconnection at h ne. Smith et &, 1993 #J 410, 15 NS DISK o beams accel by E-felds near wih B8
4. 2 1982 ApJ, 260, 371 NS DISK NS nlmuruam-:z‘nhmmmc 120, Meszaosetal. 1992 MNRAS, 257, 209 BH NS  COS BH-NS have vs collide 10 3 in clean fir
2. Woosley ot al, 1982 ApJ, 258, 716 NS DISK &1 reconnecton afier NS surface He Sash 121, Meszaros et al 1882 MNRAS, 257, 20P NS NS COS NS-NS have vs collide 10 v in clean freball
43, Fryxell ot @, 1982 ApJ, 258, 733 NS ISK  He NS B-pole helium lake 122.  Fatazo et . 1993 ApJ, 407, 680 NS COS  Allen waves accel s which upscatier
ad, Hameury ot al, 1982 ABA, 111, 242 NS DISX e capiure ¥ H flash riggers He Nash on NS surtace 123, Bisnovatyl-Kogan 1983 ALA Sup, 67, €5 NS GAL  Absorption by of heavy elements around N:
45,  Muolanov etal. 1982 MNRAS, 200, 1033 NS DISK B res in rad absorp 18l o3, v C scal 124.  McBreen stal. 1983 ASA Sup, 97, 81 AGN cos Mvhlxw from cocooned AGN
46, Fenimore et al 1982  Nanre, 297, 665 NS DISKX BB X-rays inv Comp scat by hoter plasma 125, Cline ot al. 1992 ApJ, 401, LS7 BH DISK  Primordial BMs evaporating could account for short hard GRBs
47, ot al 1982 Ap&SS. 85, 459 NS ISM  DISK ISM manier accum at NS -m hen 126.  Woosley 1983  ApJ, 408, 273 8H COS  Spinming Woll-Ray star failod SN. emins beamed firebal
48, 1982 ApJ, 261, L71 wD HALO Nonexplosive @ of WO into rotating, cooling 127, Mela otal. 1982 w 368, LAS NS COS  Crustal adjustments by extragal ragio pulsars
49, Ventura ot al. 1983  Nantwe, 301, 491 NS ST DISK NS accretion from low mass binary companion 128. Reos ot al, 1982 RAS, 258, 41P NS ISM COS Relatvissc fireball reconverted 1o radation when hits ISM
50,  Bisnovaty- etal. 1983 ApASS, 89, 447 NS DISK  Neuton rich slements 10 NS surlace with quake, undergo fission 129. Kundt et al. 1983 Ap8SS, 200, 151 NS GAL  Spasmodic NS accretion causes beamed cooling “sparks'
51, atyi- ot al. 1984 SowAston, 28, DISK Thermonuclear explosion bensath NS surtace 130, Meszaros otal. 1983 w 405, 278 NS BH COS Compact binary coalesces, fireball hits m.mum
52.  Ellison et al 1983 ABA, 128, 102 NS NS corequake + uneven heating yield SGR pulsations 131, Cheng et al 1983 . 262, 1037 NS % NS glitch r netcsphere of dead
53. o 1983 ABA, 128, 363 DISK B feld contains maner on NS cap allowing fusion 132, Melaetal 1883 ApJ, 408, L9 NS NS structural readjusiments both SGAs and GREs
S4.  Bonazzola et al. 1084 ASA, 136, 89 DISK NS surtace nuc explosion causes small scale B reconnection 133, Pwan etal 1093 h:m' LE7 NS GAL eball requires rel eecta, low T, possible but unii
55, 1985  ApJ, 260, 721 NS DISK sk ionizat Causes sudden ACCIENON 134, Fablan etal 1093 S, 263, 49 NS LMC NS accretes after gocied from Meg C ion SN
56, 1984 ApJ, 283, 121 NS DISK Resonant EM absorp d fiare pves hot synch e-s 1S, Fawzowa 1993 ApJ. 414, B9 NS COS  Sheared Allen waves in NS magsphere dsspate
57, m 1982 Natwre, 210, 12 NS DISK NS magnatic fislds pat twisied, recombine, create flare
58. M 1984 ApASS. 108, 245 NS DISK ex Qu
59.  Epstein 1085 :&J 201, 822 NS DISK  Accretion instability between NS and disk
60.  Schiovskil et al. 1985 MNRAS, 212, 545 NS HALO Oid NS in
61. Tsygan 1884 ApaSS, 106, 1 NS DISK Waoak B fieid NS accr X-ra)
62. Usov 1984 ApaSS, 107,191 DISX NS fares result of magnetic con ugty
63. Hameury et ol 1985 ApJ, 293, NS DISK Landau e-s beamed along B ines in cold atm
64, Rappaport et al 1985 Nauwre, 314, 242 NS DISK -mmnuullmrnon GRE « optical fash
65. Tremane o1 al 1986 ApJ, 301, 155 NS COM DISK NS tides disrupt comel, debris hits NS next pass
66.  Musimov etal. 1986 120, 27 NS ing NS
67. St 1986 Nawre, 321, 47 NS DISK Flare in os B-feid
€3, Paczynski 1986 La3 S Cosmo GRBs: 16l #e/- opl thk plasma outfiow
€9, tyi- ot al. 1986 SovAstron, 30, 582 NS DISK  Chain fission of superheavy nucle: balow NS surlace during SN
70. Necock et al, 1986 PAL, 57, 2068 $§ SS DISK suq'cmummuwammvssm
mn. Babul et al, 1987  ApJ, 316, L49 cs Ccos vauwdﬂ%ldtudtwmp COSMIC S¥ing
72. Livio et al. 1987 Nature, 327, 398 NS COM DISK Oon cloud arounc NS can sxplain sof gamma-repeaters
McBreon ot al. 1988 Nanwre, 332, 234 GAL AGN COS G-wave bkod makes BL Lac wiggle across y lens caustic
74 Curss 1988 Ap), 327, LB1 wD COS WD collapses, burns 10 lorm new class of & paricles
75 968 ApJ, 335, 065 NS DISK  BeX-ray sys evolves 10 NS accreton with recurrence
Ruderman ot al 1968 ApJ, 335, 306 NS DISK e+/- cascades "
77. Paczyn 1988 ApJ, 335, 525 cs COS  Energy refsased from cusp of cosmic sying (revised)
78. Murikami ot al. 1968 Nanwre, 335, 234 NS DISK Absorpion leanxes st sepasate colder regon near NS
79. Melia 1088 Nanre, 336, 658 NS DISX NS «+ accreson disk reflection explains GRB specva
80. Baes o al. 1889 ApJ, 343, 839 NS DISK NS seismic waves couple 10 magnetospherc Allen waves
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Typical durations are

20 seconds but there is
wide variation both in time-
structure and duration.

Some last only hundredths
of a second. Others last
thousands of seconds.

Exhibit a wide verity of
structure in time, and a
wide varity of timescales



2704 BATSE Gamma-Ray Bursts

Fluence, 50-300 keV (ergs cm™)

GRBs are observed to be completely isotropic in their
direction, indicating they originate at cosmological distances



amma-Ray Bursts
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GRBs are observed from the local universe to the farthest cosmological
distances, to when the universe was only 100 Million years old
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GRBs are characterized by

GRB Spectra

non thermal power-law

spectrum. No known
emission mechanism can

account for all observed

characteristics of the
Gamma-ray Emission
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Figure 9 The spectrum of GB 910601 observed over a wide energy range, as measured by three
experiments on CGRO (Share et al 1994). A typical broad spectrum with a peak power at about

1.0
ENERGY, MeV

600 keV is seen. (The fitted spectral up-turn above 4 MeV is not significant.)
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MERGER SCENARIO FORMATION OF A GAMMA-RAY BURST could begin either
‘ with the merger of two neutron stars or with the collapse
of a massive star. Both these events create a black hole

NEUTRON STARS with a disk of material around it. The hale-disk system, in - X-RAYS,
turn, pumps out a jet of material at close to the speed of . :{:é]:rlg
light. Shock waves within this material give off radiation. e g i
AMBIENT MEDIUM WAVES
(external shock wave)
GAMMA RAYS
BLOBSCOLLIDE
sLower  (Internal shock
FASTER BLODB wave)
BLACK HOLE BLOB
4
CENTRAL %
ENGINE —

LI

PREBURST

GAMMA-RAY EMISSION

. AFTERGLOW

HYPERNOVA SCENARIO



Gravitational Waves
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Gravitation Wave Spectrum
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progenitor: neutron star mergers
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Operational
Under Construction
HETE

Image credit: LIGO



strain noise amplitude (Hz‘1/2)

sensitivity timeline

Advanced LIGO

Aasi+ Living Reviews in Relativity, vol. 19,

Mid (2016-17, 80 - 120

I Design (2019, 200 Mpc)
| BNS-optimized (

iEarly '(20'1 5; 4'0'—' 80 Mpc)'
" Late (2017-18, 120 - 170 Mpc)|;

215 Mpc)

Mpc) |

10° 10

frequency (Hz)

Estimated Number

Run BNS Range (Mpc) | of BNS
Epoch Duration | LIGO Virgo | Detections
2015 3 months | 40-380 - 0.0004 - 3
2016-17 6 months | 80-120 | 20-60 | 0.006 - 20
2017-18 9 months | 120 - 170 | 60 -85 | 0.04 - 100
2019+ (per year) 200 65— 130 | 0.2 -200
2022+ (India) | (per year) 200 130 0.4 - 400

* Annually improving detectors
* Especially at low frequencies

* Increasing observation time

* More detectors = better
localization




localization

8h

e 100-1000 deg?
* |Improves with more
detectors
o e Difficult to cover for many
» —Tn optical observatories
e Significant transient
foreground (SNe)
* 1/month FAR LIGO triggers

Abbott et al. 2016
(1602.08492)



MORE DETECTORS NEEDED

LVT1510: LVT151012 +vireo
GW151: GW151226 +vireo
‘ GW150914 GW150914 +vireo
Actual estimates Simulated estimates with Virgo

3-D projection of the Milky Way onto a transparent globe shows the probable locations of confirmed
detections GW150914 (green), and GW151226 (blue), and the candidate LVT151012 (red). The outer
contour for each represents the 90 percent confidence region while the innermost contour is the 10

percent region. Image credit: LIGO/Axel Mellinger.



GW1/70817



Gravitational Wave

Detection of GW170817

— Observed by LIGO at both Hanford and
Livingston sites as well as Virgo in Italy

— Lucky in that only 3 weeks of LIGO-Virgo
simultaneous observations

— 3000 cycles of the merger were discovered

— Frequency of the detection tells the initial mass
and final mass of the objects, initial masses
between 0.86 and 2.26 solar mass

— Final state unclear either heaviest Neutron star or
lightest black hole ever observed

— Swift was on the wrong side of the Earth
— Localized to 28 sq degrees



Comparison with other GW Events

GW150914

LVT151012

GW151226

GW170104

GW170814

GW170817 E—

0 5 10 15 20 25 30 35 40 45 50 55
time observable (seconds)

LIGO/University of Oregon/Ben Farr

Low mass events are detectable for longer




LIGO/Virgo/NASA/Leo Singer
(Milky Way image: Axel Mellinger)



Masses in the Stellar Graveyard

in Solar Masses
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Gamma-ray Observatios

— Observed by Both Fermi and Integral,
— Swift was occulted by the Earth

— Short gamma ray burst 1.7 seconds In
duration

— Intrinsically weak for a short gamma ray burst,
Indicating off axis emission

— Fermi Localization plus Fermi-Integral IPN
annulus allowed for better localization

— No x-ray afterglow observed immediately
following the GRB consistent with off-axis




Fermi Gamma Ray Burst Monitor

Nal




30°N

15°N

1525

30°S

GRB0170817A was observed right
before Fermi shut down due to
entering the South Atlantic Anomaly

wmm GBM SAA
EEm LAT SAA

60°W

W4

[GRB 170817A
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Latest Data: Integral and SPI

“~
-
"

127 elements
coded tungsten
mask

=

a -

launched in Oct 02

heavy (500 kg)
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shield

= SPectromeétre Integral
= 16° FoV (FWHM)
= 20 keV-10 MeV

= 2 keV energy
resolution (at 1 MeV)

= 2° angular resolution

19 cooled
Germanium
detectors
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Lightcurve from Fermi/GBM (10 — 50 keV)
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Lightcurve from Fermi/GBM (50 — 300 keV)
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Lightcurve from INTEGRAL/SPI-ACS
(> 100 keV)
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Duration and
spectrum consistent
with short-hard burst

No indication of
spectral lag
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Optical

— 1-meter Swope Supernova Survey did a
prioritized survey of galaxies in the uncertainty
of the band

— Found a bright kilonova in the galaxy NGC
4993

— Kilanova transitioned from blue to red as
heavy elements were formed

— Close to the sun so only visible for one hour
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Optical counterpart shows red to blue evolution

Indicating the creation of heavy elements




Galaxy identification gives redshift
GRB170817A is the closest GRB with a
measured redshift
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Optical observations are
consistent with Kilonova
producing heavy elements
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Model of GW170817
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Neutrino Follow-up
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Follow-ups performed by IceCube,

ANTARIES, and Auger

IceCube was not in a good position
to observe, but still has sensitivity at

higher energies.

ANTARES was in a good position to

observe.

AUGER, was in the narrow band
where it can observe Neutrinos
No neutrinos were observed
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GW 170817 Neutrino limits (fluence per flavor: v, +7,)
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Extragalactic Distance Ladder

The Hubble Constant J
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Incidence angle of NS-NS Merger

Neutron Star Mergers are a standard “siren”
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What did we learn?

First confirmed observation of a merger of two neutron
stars

New information about the properties of neutron stars

First visual observation of an event that produces both
Immense gravitational waves and bright
electromagnetic waves

Confirmation of the origin of “short” gamma ray bursts
New independent cosmological distance measurement

Best test so far of Einstein’s prediction that the speed
of light and the speed of gravitational waves are
identical

Efficient production of heavy elements



