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Today’s discussion

1. Previous JINA Sensitivity Study JINA-CEE themes

2.  New Study Configuration -- + “Light elements to heavy elements”
Better Baselines, Updated ReacLib, and + MAZ2: Understanding neutron stars, dense
Fully Multi-Zone Variations matter

+ Productively engage
+  Astrophysical modeling
+  Observation
+  Nuclear experiment
+  Nuclear theory (esp. reaction theory)

3. Preliminary Results From 1756
GS 1826 Variations

In collaboration with:

Zac Johnston, Alexander Heger,

Duncan Galloway (Monash)

Matt Amthor (Bucknell)

Hendrik Schatz, Ed Brown (MSU/NSCL/JINA-CEE)



Previous JINA Sensitivity Study

Cyburt, Amthor, Heger, et al 2016



Spherical hydrodynamic models with Kepler

e Kepler code employed to carry out
multi-zone models
o See e.g. Woosley et al., ApJS, 2004;
Heger et al., ApJ, 2007
e Lagrangian grid with reactive fluid equations
e Realistic microphysics, large adaptive
reaction network
e Mixing-length models of convection
e Primary XRB model specification parameters:
X_acc Z acc m_dot Qb g
(n14)

Neutron star surface

Image courtesy H. Schatz



Summary of previous work, Cyburt et al., 2016

Reactions that Impact the Burst Light Curve

in the Multi-zone X-ray Burst Model

Rank Reaction Type® Sensitivity” Category
1 B0(a, 7)""Ne D 16 1
2 S6Ni(a, p)*°Cu U 6.4 1
3 FCu(p, 7)%Zn D 5.1 1
4 %1Ga(p, 7)%’Ge D 3.7 1
5 2Mg(a, p)Al D 23 |
6 140(a, p)'"F D 5.8 1
7 BAl(p, 7)*Si D 4.6 1
8 8Ne(a, p)*'Na U 1.8 1
9 %Ga(p, 7)**Ge D 1.4 2
10 9 (p, 0)'°0 U 13 2
11 2C(a, 1)'°0 U 2.1 2
12 26Si(av, p)*°P §] 1.8 2
13 F(a, p)*Ne U 35 2
14 2Mg(a, )5S U 1.2 2
15 SCu(p, v)%%Zn D 13 2
16 0Zn(a, p)*Ga U 121 2
17 ITE(p, ~)'*Ne U 1.7 2
18 08¢ (p, 7)*Ti D 1.1 2
19 “Cr(p, v)*Mn D 1.2 )
Notes.

“ Up (U) or down (D) variation that has the largest impact.
b M. in units of 10% erg s~

e Uses “generic” GS 1826 fit
Woosley et al., 2004
e Reaclib v 1.0 rate library
e Multi-Zone Rxn variation set:
84 rxns (168 models)
X_acc Z acc m_dot Qb g
(n14)
0.7048 0.02 0.1 Edd ? 1.9e14
cm/sh2




New Study Configuration

Better Baselines, Updated ReaclLib, and
Fully Multi-Zone Variations



Flux (ergs~*cm™)

My model set:
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GS 1826-24, 4U 1820-303,
baselines developed by Zac
Johnston (Monash)

ReaclLib v 2.2 rate library

Rxn variation set (2492):

200 (a,9) ;130 (a,p) ; 27 (9.3) ;
108 (9.p) ; 233 (p.a) ; 548 (p, 9)
2 variations, 3 baselines =
7476 models

~ 120,000 CPU hours

0 % 0 75 100 125 150 175
Time (s)

Example GS 1826 fit to reference set data
from Zac Johnston

X_acc Z acc m_dot Q_b g
(n14) Edd MeV/u | cm/s"2
0.7048 0.02 0.1 ? 1.9e14
0.7 0.0075 0.19 0.025 | 2.65e14




Galloway, Goodwin, & Keek, PASA, 2017

New, rich X-ray burst reference dataset

Table 1 Target thermonuclear burst source properties

Dist. Accreted fuel g R
Source (kpce) Xo ZcNO 14+2z (10 cms™?) (km) Ref.
GS 1826—24 6.1 0.7 0.02 1.23 2.8} 124 [1,2]
SAX J1808.4—3658 3.4+0.1 0.4812-12 0.017X2-007  1.26 1.86 1.2 [2
4U 1820-303 76+04 <01 0.02 1.409 2.96 111418 [3,4,5]
AU 1636—536 5.6 4 0.4 0.7 0.02 1.26 1.86 58

e Specifically for validating and comparing numerical models
e Source data broken into epochs, publicly available
e https://burst.scimonash.edu/reference



Preliminary Results

1756 Multi-Zone Reaction Variations on GS 1826 Baseline
~20 000 CPU hours

200 (a,9); 130 (a,p); 548 (p,9);
up and down by 100 unless noted



Preliminary Sensitivities

Reaction Sensitivity (1e38) Reaction Sensitivity (1e38)
014 (a, p) * 0.01 21.9 AI23 (p, g) * 0.01 6.4
Cu59 (p, g) * 0.01 19.1 Gab1 (p, g) * 0.01 6.3
Ga63 (p, g) * 0.01 11.7 Si26 (a, p) * 100 6.2
015 (a, g) * 0.1 11.1 P27 (p, g) * 0.01 5.6
S30 (a, p) * 100 9.7 Mg22 (a, p) * 100 5.5
Ar34 (a, p) * 100 8.5 S28 (a, p) * 100 5.0
AI23 (p, g) * 100 8.1 014 (a, p) * 100 4.7
S29 (a, p) * 100 7.3 S30 (a, p) * 0.01 4.1
Mg22 (a, p) * 0.01 7.2 Ca37 (a, p) * 100 3.9

As65 (p, g) * 100 6.5 Mg22 (p, g) * 0.01 3.7



Significant qualitative difference from previous work
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Example Lightcurve Comparison

GS 1826-24 Kepler Model Averaged Lightcurve Comparison 1e38
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Next Steps and Conclusions




In Summary

e |'m carrying out a fully multi-zone reaction rate sensitivity study

(Y50x more models than previous work, including new 4U 1820 baseline

o Uses newer rxn database Reaclib 2.2
o Uses better-defined baseline models with updated fits to well-defined reference data
Enables meaningful comparison with observation and other models

e |'ve completed an initial grid of 1756 models varying on GS 1826
e Study confronting detailed reference data with rxn variations is moving

forward. Next:

Complete simulation suites of: GS 1826, 4U 1820 (low and hi X limiting cases)
Analyze impact on composition, ashes

Adjust scaling as needed

Determine most useful sensitivity metric(s)

O O O O
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Reactions driving the burst: the rp-process
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What it really looks like

BURSTS FROM 4U/MXB 182030
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The ubiquitous X-ray burst picture

http://www.astro.uva.nl/research/cosmics/thermonuclear-x-ray-bursts/



Bursts as probes of dense matter EoS

e Cooling curves probe crust properties

e Photospheric radius expansion can probe neutron star mass-radius relation:

Lgiq = (ArncGM/k) (1 - 2(]7]\/[/02}%)_1/2 — 47rR20T§ff

e Need correct models to properly extract M-R




Early test,
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Cyburt et al., 2016 Multi-Zone Reaction Variations

Table 3

Rate Variations in the Multi-zone Model Calculations
Reaction Variation™ Reaction Variation® Reaction Variation™
3a x1.2 (2) 12C(a, v)'%0 2.0 (3) 2C(p, 1N 1.1 (1)
BN(p, "0 10 “O(a, p)''F 10 SO, 7)'"Ne 10
1%0(ar, 7)?"Ne 1.80 (1) 1%O(ax, p)F 10 "F(av, p)*"Ne 10
E(p, )'3Ne 6.33" 8E (v, p)?'Ne 100 9F (v, p)*Ne 10
$Ne(a, p)?'Na 30 (4) “Ne(a, p)??Na 10 "“Ne(p, 7)?"Na 100
2ONe(av, 7)**Mg 1.40 (1) 2Na(a. p)*Mg 10 2Na(p, 1 Mg 2 (1)
2Mg(a, p)>cAl 10 2Mgia, p)2°Al 10 Me(a, +)2"Si 10
BANp, S 30-100° 6A1(cr, P)2Si 10 26A1(p, MSi 7d
MSi(a. p)*'P 10 3Si(a. p)*tP 10 2Si(a. p)*P 10
7Si(p, 3P 37 27P(p, 1S 2:3° 2P(p, 1)7°S 10
23, p)'“CI 10 298(a, p)nCl 10 S (ex, p)”Cl 10
31S(p, 7)72CI 6" 3CI(p, 1) Ar 2-3° HAr(a, pK 10
BAr(p. 77K 100 BK(p. 1Ca 3-10° WK (p. »¥'Ca 10
FCa(p, 1*Sc 3" *0Ca(p, M*'Sc 1.40" HSc(p, YT 100
BV (p., *Cr 100 “ICr(p. m**Mn 10 *SCr(p. M**Mn 100
#Cr(p, 7)°"Mn 10 *Mn(p, v)*Fe 100 SMn(p, 7)*°Fe 100
Fe(p. v)*Co 100 S3Fe(p. v)**Co 100 *Fe(p, 7)*Co 10
¥Co(p, v)*Ni 10 56Ni(ar, p)*°Cu 100 Ni(p,7)*"Cu 5%
SICu(p, 7)°*Zn 100¢ SCu(p. 7)%Zn 100 “Cu(p. 7)°'Zn 10
Zn(a, p)*-Ga 100 S1Zn(p, 1%°Ga 100 27Zn(p, 1)%Ga 10
®IGa(p. 1)*Ge 100 “Ga(p. 1)*'Ge 10 %1Ge(p. v)%*As 100
5Ge(p, v)%As 100 Ge(p, 1) As 100 SSAs(p, 7)°Se 100
STAs(p, 7)%Se 100 %Se(p, 7)"Br 100 Br(p, ) 7'Kr 100
"IBr(p, v)2Kr 100 2Br(p, 7)"*Kr 10 PKr(p, 7)*Rb 10
"Rb(p, v) 7 Sr 10 Rb(p, 7)7¢Sr 100 T*Rb(p, 7)7'Sr 10
Y (p, 1¥Zr 10 837r(p, H¥Nb 10 SNb(p, 1Mo 10
S¥Nb(p. 7)Mo 10 SMo(p, 1)%Tce 100 8Mo(p, 1% Tc 100
Te(p, 7)7°Ru 10 P2Rh(p, v)**Pd 10 PPd(p,1)MAg 10




