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chit 72 (Neutron star)

Supernova Remnant
Cassiopeia A

4-6 keV X-rays (white)

Fe (red)

Si, Mg (green)

Ti (blue)

RS2 ¢ FE1XE R~12 krr
KEEEDENAEE CTHL

DUTER CRUST

Uil INNERCRUST

5 KM

= M~1.4 Msun

O©NASA/JPL-Caltech/CXC/SAQO, Grefenstette et al., 2014, Nature
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Energy sources of neutron stars
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Neutron stars as laboratories for extreme physics

* Dense nuclear matter, strong gravity, rapid rotation, and strong magnetic field
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on_ Explorer (NICER)

\ - . : el
L Soft X-ray timing spectroscopy for neutron star structure, | @NA\%*‘/GSFC’ NICER Team
\ dynamics, and energetics as the ISS external attached /} \ A
payload with active pointing, launched on June 3, 2017 ) "+ Energy band : 0.2-12 keV (Resolution :
S ' O AL S 140 eV @ 6 keV)

, . * Time resolution : <100 ns RMS
‘ (absolute)

/ * Non-imaging FOV 6 arcmin diameter
» Background : < 0.5 cps

-« Sensitivity: 1x10-13 erg/s/cm? (5ag, 0.5-10
keV, 10 ksec exposure for Crab-like)

“+ Max rate: ~38,000 cps (3.5 Crab)

Gendreau et al., SPIE (2012), Arzoumanian et al., (2014)



NICER

Neutron Star Interior Cormpasition Explorer

(c) NICER Team
(Pl: K. Gendreau, NASA/GSFC)

* Energy band : 0.2-12 keV (Resolution : 140 eV @ 6 keV)

* Time resolution : <100 ns RMS (absolute)

* Non-imaging FOV 6 arcmin diameter

* Background : < 0.5 cps

» Sensitivity: 1x10-13 erg/s/cm? (50, 0.5-10 keV, 10 ksec exposure for Crab-like)
* Max rate: ~38,000 cps (3.5 Crab)

Gendreau et al., SPIE (2012), Arzoumanian et al., (2014)




X#REIL R (X-Ray Concentrator optics; XRC)

Single reflection, grazing-incidence nested gold-coated Al foils

- -

....
FIO0
X ¢

LB A » Multlple 24 shells are confocally nested to
. increase an effective area. (24x56=1344 foils)

__ 3 fﬁ e Grazing incidence optic of a parabolic gold
e surface to focus X-rays onto a detector (2 mm).

. e Focal length = 1085 mm
e Total effective area > 1800 cm2 @1.5 keV

NASA BIHEF — L D—B& LT

XIREHRDOAFE ERFICEDLS



Sillicon Drift Detectors (SDDs)

Resolution : 140 eV @ 6 keV, Time resolution : <100 ns RMS (absolute)
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SpaceX “CRS-11 Hosted Webcast” YouTube: https://www.youtube.com/watch?v=JuZBOUMsYws
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Bogdanov et al., ApdL, 2019a
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Two independent methods showed identical results for mass and radius!
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Two independent methods showed identical results for mass and radius!
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Two independent methods showed identical results for mass and radius!

NICER Press Release Webpage
https://iopscience.iop.org/journal/2041-8205/page/Focus_on_NICER_Constraints_on_the_Dense_Matter_Equation_of_State

two hot spots — one small and circular, the
other long and crescent-shaped

two or three oval-shaped hot spots

Riley et al. ApJL (2019), Univ. of Amsterdam Miller et al. ApJL (2019), Univ. of Maryland
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More complex than a single dipole.

//hubblesite.org/contents/media/videos/2016/24/866-Video.html?keyword=Planetary%20Atmospheres/\Weather

Hubble Tracks Bright Auroras on Jupiter
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//svs.gsfc.nasa.gov/13240
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PSR J0740+6620 — 3 v EOKFMEHEN 2.1 Msun

JO7404+6620 residuals

Bill Saxton (NRAO/AUI/NSF)

Cromartie et al., Nature Astronomy 2020
Miller et al., arXiv:2105.06979
Riley et al., arXiv:2105.06980
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* R > 10.68(-0.05,+0.15) km for M=1.6 Msun, non-rotating NS
* R>9.60 (-0.03, +0.14) km for maximum mass NS



2022 Bruno Rossi Prize (7/)L—/ - OvY Y E)

2022 Keith Gendreau, Zaven Arzoumanian and the NICER team

The 2022 Bruno Rossi Prize has been awarded to Keith Gendreau, Zaven Arzoumanian and the NICER team "for development of the Neutron Star Interior
Composition Explorer (NICER) and the revolutionary insights it is providing about the extreme environments of neutron stars and black holes, including the first
precise and reliable measurement of a pulsar’s mass and radius from detailed modeling of its pulsed waveform." The NICER team is Diego Altamirano (U.
Southampton), Lorella Angelini (GSFC), Zaven Arzoumanian (NASA/GSFC), Michiel Baubock (U. Arizona), Peter Becker (GMU), Anna Bilous (U. Amsterdam),
Slavko Bogdanov (Columbia U.), Esra Bulbul (MPE), Peter Bult (NASA/GSFC), Ed Cackett (Wayne State U.), Deepto Chakrabarty (MIT), Jerome Chenevez
(DTU), Devarshi Choudhury (U. Amsterdam), Joel Coley (Howard U.) Mike Corcoran (CUA & NASA/GSFC), Julia Deneva (GMU), Alex Dittman (UMd),

John Doty (Noqgsi Aerospace Ltd.), Steve Drake (USRA & NASA/GSFC), Steve Eikenberry (UCF), Teruaki Enoto (Riken), Andrew Fabian (Cambridge),
Elizabeth Ferrara (NASA/GSFC), Keith Gendreau (NASA/GSFC), Sebastien Guillot (U. Toulouse), Tolga Guver (Istanbul U.), Kenji Hamaguchi (UMBC &
NASA/GSFC), Alice Harding (NASA/GSFC), Jason Hessels (U. of Amsterdam), Wynn Ho (Haverford) , Jeroen Homan (Eureka Scientific), Wataru Iwakiri (Chuo
U.), Keith Jahoda (NASA/GSFC), Gaurava Jaisawal (U. Denmark), Peter Jenke (UAH), Erin Kara (MIT), Vicky Kaspi (McGill U.), Laurens Keek (cosine B. V.),
Matthew Kerr (NRL), Fred Lamb (U. of lllinois, Urbana-Champaign), James Lattimer (SUNY Stony Brook), Natalia Lewandowska (Haverford), Bennett Link
(MSU), Mike Loewenstein (UMCP & NASA/GSFC), Andrea Lommen (Haverford), Renee Ludlam (CalTech), Simin Mahmoodifar (NASA/GSFC), Walid Maijid
(JPL), Christian Malacaria (USRA & NASA/MSFC), Craig Markwardt (NASA/GSFC), Cole Miller (UMCP), Jon Miller (U. Michigan), Sharon Morsink (U. Alberta),
Joey Neilsen (Villanova), Melania Nynka (MIT), Takashi Okajima (NASA/GSFC), Feryal Ozel (U. Arizona), Dheeraj Pasham (MIT), Katja Pottschmidt (UMBC &
NASA/GSFC), Gregory Prigozhin (MIT), Dimitrios Psaltis (U. Arizona), Geert Raaijmakers (U. of Amsterdam), Scott Ransom (NRAO), Paul Ray (NRL), Ron
Remillard (MIT), Thomas Riley (U. Amsterdam), Tuomo Salmi (U. Amsterdam), Jack Steiner (MIT), Abigail Stevens (U. Michigan), Tod Strohmayer
(NASA/GSFC), Andrei Timokhin (U. of Zielona Gora), Francesco Tombesi (UMCP & NASA/GSFC), Phil Uttley (SRON), Christo Venter (North-West U.), Serena
Vinciguerra (U. Amsterdam), Anna Watts (U. Amsterdam), Colleen Wilson-Hodge (NASA/MSFC), Zoawar Wadiasingh (NASA/GSFC & NPP) Mike Wolff (NRL),
Kent Wood (NRL), George Younes (NASA/GSFC & NPP)

https://head.aas.org/rossi/rossi.recip.html 56
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All-sky radio image
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Neutral hydrogen atom (HI, 21 cm/1420 MHz) https://www.icrar.org/HI4P1/
Effelsberg 100-m dish (Germany) & Parks 64-m dish (Australia) https://apod.nasa.gov/apod/ap161024.html ©3
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https://www.csiro.au/en/Research/Facilities/ATNF/Parkes-radio-telescope/About-Parkes

Mysterious “Lorimer burst”

 Motivated by transient pulse of pulsars

* Archival data of 1.4 GHz survey of the
Magellanic Cloud using the 64-m Parkes

Radio Telescope in Australia

 Mysterious burst on 24 August, 2001
* Located 3 degree from the SMC

e Single event, not recursive

e Bright 30 Jy (1 Jy = 10-26 W m-2 Hz-")

e Short duration < 5 msec

e DM =375 cm-3 pc (distant? <~ 1 Gpc)

Lorimer et al., Scence (2007)
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https://ui.adsabs.harvard.edu/abs/2007Sci...318..777L/abstract

Fast radio bursts (FRBs)

 Four FRBs were further reported in 2013.

* Short duration: ~a few ms or less
 Fluence S =0.6-8.0Jy ms @ 1.3 GHz
« High Galactic latitude |b| > 41 deg
 Rrre ~ 10-3 / galaxy / year

 Rere ~ 10-6/ galaxy / year

* Rcesn ~ 102 / galaxy / year
e DM =553-1103 cm- pc

 Cosmological distance: z = 0.45-0.81

Thronton et al., Science, 2013
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https://science.sciencemag.org/content/341/6141/53

DiSperSiC)n Measure (DM) ; Thronton et al., Science, 2013
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DM (delay) is a good indicator of a source distance!
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Characteristics of FRBs

1. Bright radio emission F ~ 0.2-120 Jy @ ~1 GHz

Brightness temperature T, = 1033-37 K = Coherent radio emission

Large DM ~ 300-1600 cm-3 pc — Cosmological distance (z <~ 1)

Short duration At < 1 ms = Compact origin? (R ~ ¢ At ~ 3x102 km ~ 30RNs)
Fluence S = F At =1-10 Jy ms — Energetics E ~ 4x103%% erg (d / 1 Gpc)?
High event rate Rrre ~ 104/ sky / day — Rrre ~ 0.1 Rsn ~ 104 Rare

Repeating & Non-repeating? — Multi-population?

© N o O &~ W D

Host galaxies = FRB locations are different at different populations?

68
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