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SNe 1987a | neutrinos detected
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SNe 1987a | neutrinos detected
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detection | pulsars
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detection | pulsars

Demorestetal. 2010
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detection | X-rays
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Accretion releases =200 MeV per
accreted nucleon; typical accretion
rates are ~10-9 solar masses per year,
giving L ~ 104 Lgyn.



low-mass X-ray binaries

Accretion releases
~200 MeV per accreted
nucleon; typical
accretion rates are
~10-9 solar masses per
year, giving L ~ 104 Lsyn.



low-mass X-ray binaries
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The neutron star crust
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The neutron star crust

e = kgT unstable H/He
; burning/rp-process
He = M,C
5 5 unstable “C
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X-ray bursts | observations and models
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X-ray bursts | observations and models
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X-ray bursts Bl enln

How does the burning spread over the surface? How do
multi-dimensional effects change the burst ashes? unstable H/He
see Cavecchietal. 2017, 2020; Eidan et al. 2020 burning/rp-process

]

Can we do neutron star “meteorology”? i
unstable.ctron

captures

Can we understand the spectra of X-ray bursts enough to
constrain neutron star masses and radii?
see Ndttila et al. 2016
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Superbursts

Kuulkers et al. 2002
[ [ | [ [ [ [ | [

° - % ' e WFC [1-11]
: i%% 0 ks dwels
_icjgﬁﬁiéggiﬁiii §%@Q§§§é§i§§ °
<5§é§§§§§§§§§§¥ ARG e i¥agy
ﬁf - | B ih l WFe [12-311/[1-11]

Days (MJD—50000)

0.6

0.5
ASM Crab

envelope

unstable . .
burning/rp-proc

10

unstable *C

burning

100
electron

captures

1P

nuclear pasta




Superbursts

uulkers et al. 2002
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Superbursts

How to produce sufficient 12C?
Stevens etal. 2014

What is the 12C+12C cross-section at
low energies?

Tumino etal. 2018; cf. Tan et al. 2019,
Lietal 2020

How do we heat the ocean to
ignition temperature?

Cumming et al. 2006; Cooper et al.
2009

08 K)

i
N

Temperature

- — — —

crust neutrino emission,
. Schatz et al. 2014
-~ cf. Deibel et al. 2016
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Heating in the deep crust Bl s
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Much of the outer crust is accessible with FRIB| ) emoton

Cd (48) D
Ag (47)

Rh (45)

unstable H/He
bur rnng/rp process

Zn (30) [
Cu(29) L1 L
Ni3) 1 LRR]T [

Co (27) L |
\\ A

(00

Fe(26) (] LE R

Mn(25) | | L

Cr(24) L III

V(23) ||

Ti (22) lllll

Sc (21) L |

Ca00 L] NI 1]
K(19) LN R |

Ar (18) [} [ ]
cl(17)

'C
electron

captures

neutron drip

core

nuclear p-




Transient neutron stars in quiescence

MXB 1659-29 Parikh et al. 2019
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see Shternin et al. ‘07; Brown & Cumming ‘09; Degenaar ‘11,13, ’15; Page & Reddy 13; Turlione
"13; Deibel et al. '17; Merritt et al. '16; Waterhouse et al. '16; Parikh etal. ‘17, ‘19
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Transient neutron stars in quiescence o

MXB 1659-29 Parikh et al. 2019
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Transient neutron stars in quiescence

MXB 1659-29 Parikh et al. 2019
shallow heat source required; —— Model A 130
. -« =+ Model B »
inward heat flux ® After outburst | _ 120
=T 4 ® After outburst Il |
110+ ' . .
: T ~ 102 d: low specific heat (n pairing);
< 100 T : o
> LTI high thermal conductivity (pure
e 20 lattice)
iy : 1 i
v 80 . - 80
70 - =70 100
60- N 60
rapid neutrino cooling in core; -50
Cummingetal.’17;Brownetal. 18 71g3
Time Since End of Outburst (days)

see Shternin et al. ‘07; Brown & Cumming ‘09; Degenaar ‘11,13, ’15; Page & Reddy 13; Turlione
"13; Deibel et al. '17; Merritt et al. '16; Waterhouse et al. '16; Parikh etal. ‘17, ‘19

envelope

ourning/rp-p.

unstable '“C
burning

electron

captures

Neutroruclear pasta



Effect of shallow heating M eone
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Transient neutron stars in quiescence o

MXB 1659-29 Parikh et al. 2019
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The deep crust

What is the source of the shallow heating? How much does it vary? Degenaar et al.
2019

At what point does the composition relax to its ground state?

How does diffusion of superfluid neutrons change the heating and composition?
Gusakov & Chuganov 2020

Can we find an unambiguous signature of pasta?
see Deibel etal. 2017

What will further observations of transients reveal about the core specific heat and
neutrino emissivity?
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Update: Cooling of MXB1659-29
following outburst ending 2017
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Suppose core cools completely between
outbursts and neutrino cooling is off

For KS 1731-260, = 6 X103 ergs deposited into the core

CCﬁ- =" L
dt o | %4 N9
2E .
C> —=— with E= /Lin dt
It

since C~T

The specific heat
must be larger than
this!

For KS1731,C > 3 x 10%¢T,



There is sufficient heating during
outburst to change Teore significantly
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5 0x10°" —--Eq.(13) [R=12km,f =1.25]
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Minimum specific heat for KS 1731-260

Cumming et al. 2017
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Measured temperature is incompatible
with a quark CFL phase throughout core
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At the other limit, suppose the core temperature
saturates because of neutrino emission:

dT
CE = —L, + Lim

Lyqu = 6X 1038Tgerg s n — pev
Lomu = 6X 10307§erg 5| nn — npev

The neutrino luminosity cannot exceed the heating rate, however:
[, <L,~ 2 X 10°° erg 5!

for KS1731. If a fast process is present, its strength is < 10> of
direct Urca.



Maximum neutrino luminosity for KS
1731-260

| 039 Cumming et al. 2017
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The general case

dT 5 5
CE = —L(T) — L, (T) + Lin,

where L;, = 0 during quiescence

In this plot the
specific heat is fixed,
C/Tg = 10¥ erg K™,
and we vary the
recurrence time t,.




Phase diagram for KS 1731-260

Cumming et al. 2017
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MXB 1659-29: 3 outbursts since 1978 (it just finished
an outburst and is back in quiescence again)

Thermal time of core (at aver-
age cooling luminosity L ~ 4 X

10°* ergs—1) is

Low core temperature implies strong
neutrino cooling,

C/Tx
1038 erg K—1

13
0.25

T ~ 6060 yr (

L, ~ 10°° erg 5_1Tg

Brown et al. 2018, PRL
arxXiv: 1801.00041
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Phase diagram for MXB 1659-29
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