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Why are we interested in neutron stars in
low mass X-ray binaries?

astrophysics

/7 e what is the neutron star spin and magnetic field?
* how to make these binaries?

e fluids: dynamics of reactive flow, turbulent mixing,

angular momentum transport...

g nuclear physics

* rp-process burning at high temperatures and densities
e crust reactions
e nuclear equation of state above nuclear density



How can we probe the rp-process using observations?
OR

What effect does the rp-process have on observable
properties of nuclear burning?

Global bursting behavior
» ®recurrence times as function

Energetics _
of accretion rate
* transition to stable burning
Duration
| \ Burst lightcurves
¥ « long burst tails powered by
Ashes

rp-process burning

\ Superbursts

e extremely energetic
Crust tr§nsport and_ flashes that occur when the
mechanical properties rp-process ashes reignite
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History of a fluid element
density

| SRR TR

atmosphere

accreted H/He

~10° g cm >

10712 M,
Sm

~10° g cm >

1078 M,

30 m
~10" gem™
10°° M,
100 m




Temperature (K)

—
o
&

Burning regimes

T TTTT

llllll

| | IIIIIII

stable

H-triggered

| | lllllll

I 7 rrn AL IR RRL
T |

| IIIIIIII

11|/

|

N
N
N -
AN

I\I lIllII

108

107

Column Depth (g cm™2)

108

10°

1010

M >26x 10" Mg yr—*

2.6 x 107% > M/(Moyr™') > 107°

107 > M/(Mayr~') > 2 x 1071

2 x 107 Moyr™ > M

Taam, Woosley, Joss, Fujimoto (late 1970s, 1980s), Bildsten (1998)



Xe (54)]
I (53) =
Te (52
S S T l SnSbTe CYCIG Sb(51)| - ° 62| ‘I
The Sn-Sb-Te cycle : Sn (50) 69707172737
(v,) y sets the endpomt l(?d(‘(‘ff)m [ 6162636465666768
“ Ag (47
:| 105Te 106Te 107Te 108Te (SChatZ et al 2001) ;§§122| [ I |59|g|0
4 WS Ru (44) 5758
= Tc (43)
agh|  [1058b| |106gh| [107Sh Mo (42) T
L & Nb (41
T4 = (py) Zr(Elo))| [ 56
103G 14| |105p|  [1065p . SYrgg)H . 535455
Rb (37
[N S SRR K 38) [T T] 5152
102 103 104 105 Se((%54)) 4950
Ge (32T :
e
s 31) N I'p Process.
Zn (30 =~ r
Cu (29 383940 —> .
c (2';?((28))| I 33343536 4ISC+p 42Tl
o] O
43
Fe (26 —>
Mn (ez(s) ) 3132 +p Vv
V(23‘C)r 241l 2930 +p—> 44Cl'
Ti22) []
Sc (21 25262728 44 —» 44 +
K“;Z((zo))L 2324 Cr Ve +ne
Ar(18) [ 44V+p cee
Cl(17) Pry) 2122
S (16 €
P (15) ( )'/ 17181920
nia ! o Wallace & Woosley (1981)
—_ Na’\?$1()12)| 14 Schatz et al. (1998)
N F(g)Ne(m)ul!" 111213|
~A o0®) [T7
2] N (7) 9 10
< C (6)
gl ML -
o Lo Y Hh 3a reaction
i H|(-|1e) (2|) 34 °° 2
e atat+a —»2C
01

>
neutrons (N)



Effect of rp-process on R

burst lightcurves of A e -
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adaptive nuclear network

to follow rp-process in
detail at each depth
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Burst recurrence time (hr)
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Flux (1077 ergs cm™ s
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Luminosity (103 erg/s)
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Change in the burst lightcurves with accretion rate
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Spreading during the rise?
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Some properties of superbursts

 they are rare

13 superbursts from 9 sources
recurrence times ~ 1-2 years

* they are long duration and energetic

1000 times “normal” Type | bursts
energies ~ 10*2 ergs
exponential decay times 1-3 hours

* they “interact” with normal Type | bursts
they “quench” normal bursting for ~ 3 weeks
normal bursts are seen as “precursors”
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Ashes from steady-state H/He burning
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Temperature (K)

10°

Carbon ignition in a heavy element ocean
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Predict ignition at AM~1023g
— Energy ~ 102 ergs

Heavy elements are
important because they make
the layer opaque

= steeper temperature
gradient

=> early ignition



Ed Brown (2004) and Cooper & Narayan (2005) pointed out that constant outwards
flux is not a good assumption, instead you should look at the entire T profile of the star.

A new way to study NS cooling!
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Flux (erg ecm=2 s71)

Modelling superburst lightcurves
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Theak > 2.5 x 10° K

Energetics
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carbon burning
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Carbon production in rp process burning

T T lTI]TTI T T ITYITTI

—
N
LUREALL

~
~

—

~

-
o

|

—_
o

unstable burning

\
\

T T IYITIII

~ stable burning

\
\

T

TmTrTrTriTyg

mass fraction (%)

—_
()]

—

average z2/a °C
o

—
oI

—

N
(@)

(&)

11][[1]]
\

0

T ITTUI TT17T I1T"I T T ‘11"[

\

\
\ N
\ | "\/

1 1 Illllll 1 1 Illllll

\

’l 1 L L 111l

FRRTTIT BRI AT B AR AR

T llllllll T YIYIIIII T T lllllll T

'w
\
\
\
\
\
\
\
\
\
\
\
\
\

7

10 10"

1 1 lllllll 1 1 lllllll 1 L lllllll 1

1][']]]71
\
-

T T TTTTT
-

-
Il 1 1111

N 10° 10’
mass accretion rate (Eddington)

Schatz, Bildsten, Cumming, Ouellette (2003)

10°

* protons rapidly capture on carbon
(carbon “poison”)

=> make carbon after the hydrogen
runs out

= anti-correlation between X and
heavy element mass

 stable burning needed to
make > few % '2C by mass

consistent with observed burst
energetics in superburst sources!

BUT stable burning at accretion
rates ~ 0.1 Eddington not
understood!



Superbursts occur when (some) hydrogen/helium is burning stably
in ‘t Zand (2003)

Object name 7.0 o™ ' 7 [5]
4U 1254-69 46 4800 6 +2(15)
4U 1636-536 06 440  44-336!' 62 0.1 (67)
KS 1731-260¢ 08 780  30-690" 5.6 :0.2(37)

Superburst
4U 1735-444 24 4400 220-77281% 32 +0.3 (34)
sources
GX 3+1 12 2100 1700
21000  4.6=0.1(61)
4U 1820-303 15 2200 4.5 0.2 (47)
Ser X-1 29 5800 57 £0.9(7)
EXO0748-676 10 140 18-34'51  12.8 = 0.4 (155)
4U 1702-429 03 S8 7.7 £ 0.2 (107)
4U 1705-44 1.1 1600  55-1455'% 8.7 0.4 (74) No superbursts
GX 354-0 0.2 97  105-140'" 4.7 +0.1(417)
A 1742-294 04 130 16.8 = 1.0 (141)

GS 1826-24 02 32 41% 30.8 = 1.5 (248)




Carbon production in steady burning
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Carbon production in steady burning
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Summary

e lightcurves: need to systematically explore the
dependence of multizone model lightcurves on input rp-
process data

e superbursts: how is the carbon made? how to make
the crust hot enough?

e other questions: transition to stable burning, mHz
gpos, transport of rp-process elements to the
photosphere (and beyond...?)

are the “ten minute” bursts coming from nuclear
physics?



