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Figure: Equilibrium (white), under- (blue), and over- (red) pressure
(Blondin et al., 2003).
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Figure: Equilibrium (white), under- (blue), and over- (red) entropy
(Blondin et al., 2003).
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d+1 Decomposition

ds? = 9w dxt dx”

M=T xR

= EH—dt

P
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d+1 Decomposition

ds? = 9w dxt dx”

g: spacetime metric on M

M=Y xRF
_ P
an t4dt
2t
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d+1 Decomposition

ds? = 9w dxt dx”

g: spacetime metric on M

—a?+ %8, B MY xR
Juv =
Bi Yij

EH—dt

%
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d+1 Decomposition

ds? = 9w dxt dx”

g: spacetime metric on M

2 k
—a”+ "By B M= xR*
Juv =
Bi Yij
. . _ 5
7: spatial three-metric on 3} an i

%
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d+1 Decomposition

ds? = 9w dxt dx”

g: spacetime metric on M

2 k
—a”+ BBk B M=5xR*
Guv =
Bi Yij
. . _ 5
7: spatial three-metric on 3} omn e

0 < a < 1: Lapse Function
%
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d+1 Decomposition

ds? = 9w dxt dx”

g: spacetime metric on M

2 k
—a”+ BBk B M=5xR*
Guv =
Bi Yij
. . _ 5
7: spatial three-metric on 3} omn e

0 < a < 1: Lapse Function
n: Eulerian four-velocity %

(g(m,m)=n-n=-1)
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d+1 Decomposition

ds? = 9w dxt dx”

g: spacetime metric on M

2 k
—a”+ BBk B M=5xR*
Guv =
Bi Yij
. . _ 5
7: spatial three-metric on 3} omn e

0 < a < 1: Lapse Function
n: Eulerian four-velocity %

(g(m,m)=n-n=-1)

(Also, I: Extrinsic curvature)
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Conformally-Flat Condition

Wilson et al. (1996); Cordero-Carrién et al. (2009)
vig = 9* %
1 <1 < 2: Conformal factor

Vij = diag (1, r2, 2 sin? 9)
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Conformally-Flat Condition

Wilson et al. (1996); Cordero-Carrién et al. (2009)
vig = 9* %
1 <1 < 2: Conformal factor
Vij = diag (1, r2, 2 sin? 9)

(Also, K :=Tr,,, (K) = 9, K = 0)
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Isotropic Coordinates (¢ = G

Baumgarte and Shapiro (2010)

_ 1-rse/r
a(r) = 1+r22/r
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Isotropic Coordinates (¢ = G

Baumgarte and Shapiro (2010)

_ 1-rse/r
a(r) = 1+r22/r

b(r) =1+%5¢
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Isotropic Coordinates (¢ = G

Baumgarte and Shapiro (2010)

1—7rgc/r
@ (’l“) = 1+r:c§r
V() =1+

r>rg. = M/2

Samuel J. Dunham

(= GM/ (2¢%))
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Isotropic Coordinates (¢ = G

Baumgarte and Shapiro (2010)

_ 1-rse/r
o (r) T l4rge/r

b(r) =1+%5¢

r>rg.i=M/2 (=GM/(2?))

(rareal .= 2G M/c? = 4drg.)
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Isotropic Coordinates (¢ = G

Baumgarte and Shapiro (2010)

a(r) = fd;

Y (r) =145

r>rg. = M/2 (: GM/ (202))
(rareal .= 2G M/c? = 4drg.)

B =0

Kij =0
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Fluid Equations

Units defined such that c=G =1
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Fluid Equations

Units defined such that c=G =1

V-J =0 (J: baryon mass density current four-vector)
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Fluid Equations

Units defined such that c=G =1

=0 (J: baryon mass density current four-vector)
=0

NIl

V-
V- (? Rank (2,0) stress-energy tensor)
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Fluid Equations

Units defined such that c=G =1

V-J=0 (J: baryon mass density current four-vector)
V.-T=0 (? Rank (2,0) stress-energy tensor)
J:=pu (p: comoving baryon mass density)
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Fluid Equations

Units defined such that c=G =1

(J: baryon mass density current four-vector)

=0
=0 (? Rank (2,0) stress-energy tensor)

<<
HII %I

J:=pu (p: comoving baryon mass density)

T .= phu®u+pg (p: comoving thermal pressure,
h

:= 1+ (e + p) /p: specific enthalpy, e: comoving internal energy
density)
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Fluid Equations

Units defined such that c=G =1

(J: baryon mass density current four-vector)

0
=0 (? Rank (2,0) stress-energy tensor)
J:=pu (p: comoving baryon mass density)

u®u+pg (p: comoving thermal pressure,

hu
+ (e + p) /p: specific enthalpy, e: comoving internal energy
)

Five equations with six unknowns ®
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Fluid Equations

Units defined such that c=G =1

(J: baryon mass density current four-vector)

0
=0 (? Rank (2,0) stress-energy tensor)
J:=pu (p: comoving baryon mass density)

u®u+pg (p: comoving thermal pressure,

e+ p) /p: specific enthalpy, e: comoving internal energy

Five equations with six unknowns ®

Close with an equation of state: p=p(e):= (I'—1)e, ' =4/3
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Valencia Decomposition

[l
=1

=(@+n®n)v

Extensible to higher-rank tensors!
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Valencia Decomposition

15,0
E :=nymn,TH"
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Valencia Decomposition

15,0
E :=nymn,TH"

1.,
St = =4t ny THY
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Valencia Decomposition

15,0

E :=nymn,TH"
1.,
St = —’y“ﬂ, n, THY

vo._ M v 7
PH .—’YM/’YV/TN
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Valencia Decomposition

E :=nyny, ™V
1o,
S“::-—viunyﬂfu”
1,0
P = 'yp;u/ ’YVV/ TV

Math...
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Valencia Decomposition

U + %ai ey F'(U)] =8 (U)

GR
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Valencia Decomposition

U + %ai ey F'(U)] =8 (U)

GR
U = (D,Sj,T)T
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Valencia Decomposition

U + iai ey F'(U)] =8 (U)

val
GR
U = (D,Sj,T)T
D:=pW
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Valencia Decomposition

U + iai ey F'(U)] =8 (U)

Nal
GR
U = (D,Sj,T)T
D:=pW
Sj = phW2 Vg
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Valencia Decomposition

GR
U:=(D,S;,7)"
D:=pW

S; = phW? v}
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Valencia Decomposition

U + iai ey F'(U)] =8 (U)

Nal
GR
U:=(D,S;,7)"
D:=pW
Sj = phW2 Vg

T=E-D=phW?—p—pW
a=(1=rs/r)/(1+rs/r)
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Valencia Decomposition

U + iai ey F'(U)] =8 (U)

Nal
GR
U:=(D,S;,7)"
D:=pW
Sj = phW2 Vg

T:=FE—-D=phW?—p—pW
o= (1 —TSC/T')/(]-"{'TSC/T)
VI =907
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Valencia Decomposition

U + iai ey F'(U)] =8 (U)

Nal
GR NR
U:=(D,S;,7)"
D:=pW
Sj = phW2 Vg

T:=FE—-D=phW?—p—pW
o= (1 —TSC/T')/(]-"{'TSC/T)
VI =907
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Valencia Decomposition

U + iai ey F'(U)] =8 (U)

ﬁ
GR NR
.
U= (D,S; )" U = Dy, SY%, mn)
D:=pW
Sj = phW2 Vg

T:=FE—-D=phW?—p—pW
o= (1 —TSC/T')/(]-"{'TSC/T)
VI =907
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Valencia Decomposition

U + iai ey F'(U)] =8 (U)

Nal
GR NR
T
U:=(D,S;,7)" U:= (DNRastRaTNR)
D .= pW DNR =p

S; :=phW2Uj
T=E-D=phW?—p—pW
a=(1—=rse/r)/(1+rse/r)
VI= V0V
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Valencia Decomposition

U + iai ey F'(U)] =8 (U)

V7
GR NR
T
U:=(D,S;,7)" U:= (DNRastRaTNR)
D .= pW DNR =p
- 2,
Sj = phW=v; S}\IR = pu;

T:=FE—-D=phW?—p—pW
o= (1 —TSC/T')/(]-"{'TSC/T)
VI =907
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Valencia Decomposition

U + iai ey F'(U)] =8 (U)

Nal
GR NR
T
D .= pW DNR =p
- 2.
Sj = phW=v; ) S}\IR = pu;
T =E-D=phW?*—p—pW TNR:e+%pvivi
a=(1—=rse/r)/(1+rse/r)

VI=Y0VA
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Valencia Decomposition

U + iai ey F'(U)] =8 (U)

vl
GR NR
-
U :=(D,S;,7)" U= (DNR;SjNRaTNR)
D .= pW DNR =p
N 2,.
S] —phW UJ S;\IR = p'Uj
Ti=E-D=phW?-p—pW T™NR =€+ 3 pviy;
a=(1—=rs/r)/(1+rsc/r) ang = 1

VI=Y0VA
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Valencia Decomposition

U + iai ey F'(U)] =8 (U)

Nal
GR NR
U= (D,S;7)" U= (Dxg, S RvTNR)T
D:=pW Dnr :=p
S; = phW?2v; S}\IR = pu;
T:=FE—-D=phW?—p—pW TNR:e+%pvivi
a=(1=rg/r)/(L+rsc/r) ang =1
VT =90V VIR = VA
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Valencia Decomposition

atU+%aL- ey F'(U)] = S (U)

GR NR
FlU)= F'U)=
p Wt pvt
phW?v' vj 4+ pd'; puv'vj+pdt;
(phW2—pW) vt (thR—i—%vjvj) v
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Valencia Decomposition

o U + %ai ey F'(U)] =8 (U)

GR NR
0 0
_ _|1pikg 5. — o,
SW)=|1aP*8; v — Ed;a SU)=| 2P0 % —p0;®
. —S7 9, P
—qJ . J
5050 & (r):=—M/r
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Steady-State Solutions (pre-shock)

0 1 ., B
(" ﬁ&«[aﬁF U)=5()

GR
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Steady-State Solutions (pre-shock)

0
U+ %ar a7 F" (U)] = S (U)

GR
aSW xdnr?pv = -M

Samuel J. Dunham Astro-Particle Seminar August 30, 2023



Steady-State Solutions (pre-shock)

01
— Oy Fr(U)]=8SU
QY ol U)] =S (U)
GR
a¢6Wx47rr2pv=—M
ahW =B
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Steady-State Solutions (pre-shock)

0
U+ %ar a7 F" (U)] = S (U)

GR

aSW xdnrpv=—-M
ahW =B

p=Kp

Samuel J. Dunham Astro-Particle Seminar August 30, 2023 17 /35



Steady-State Solutions (pre-shock)

0
U+ %ar a7 F" (U)] = S (U)

GR NR
aSW xdnrpv=—-M

ahW =B

p=Kp
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Steady-State Solutions (pre-shock)

0
U+ %ar a7 F" (U)] = S (U)

GR NR

aSW xdnrpv=—-M 47rr2pv=—M
ahW =B

p=Kp
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Steady-State Solutions (pre-shock)

0
U+ %ar a7 F" (U)] = S (U)

GR NR
aSW xdnrpv=—-M 47rr2pv=—M
ahW =B %U2+hNR+<I)=BNR

p=Kip"
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Steady-State Solutions (pre-shock)

0
U+ %ar a7 F" (U)] = S (U)

GR NR

aSW xdnrpv=—-M 47rr2pv=—M

ahW =B s 0%+ hyr + © = Byr
p=Kip" p=Kip"
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Jump Conditions

U #U; vi/

T

1)2/

UlvFT (Ul)

Rgp
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Jump Conditions

U #U; vi/

F"(Uy) = F" (Usg)

UlvFT (Ul)

T

1)2/

Rgp
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Jump Conditions

U #U; vi/

F"(U,)=F" (Uy) )
. . Uy
Yields: /

UlvFT (Ul)

Rgp
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Jump Conditions

U #U; vi/
F"(Uy) = F" (Uy) )
Yields: v2/
P2 > p1

UlvFT (Ul)

Rgp
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Jump Conditions

U, #U; vi/
F"(U,) = F" (Uy) .
Yields: v2/
P2 > p1

ez (p2) > e1 (p1)

UlvFT (Ul)

Rgp
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Jump Conditions

U #U; vi/

F'(Uy) = F" (Us) )
Yields: v2/
P2 > p1

€ (pz) > e (pl)
Ko > Ky

UlvFT (Ul)

Rgp
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Jump Conditions

U #U; vi/

F"(U,) = F" (Uy) .
Yields: v2/
P2 > p1

ez (p2) > e1 (p1)
Ko > Ky

vg] < i

UlvFT (Ul)

Rgp
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Steady-State Solutions (post-shock)

0
U+ %ar a7 F" (U)] = S (U)

GR NR

aSW xdnripv=—-M 47rr2pv=—M

ahW =B s 0%+ hyr + © = Byr
p=Kyp" p=Kap"
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Parameter Space

Model parameters:
Mpns, Rpxs,

Rg, (t=0), M, Ky,
B(NR): I
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Parameter Space

Model parameters:
Mpns, Rpxs,

Rg, (t=0), M, Ky,
B(NR): I

Parameters we varied:

f —

(Mpns/Me) / (Rpns/20km)
(O'Connor and Ott,

2011), Rgp (t = 0)
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Parameter Space

Model parameters:

Mpns, Rpns,
RSh (t — 0)7 Mv Kly Table 1. Model Parameters
B (NR) , :[‘ Model Mixs [Mo]  Rexs[km]  Rsp [km] €
M1.4 Rpns040 Rsh1.20e2 1.4 40 120 0.7
M1.4 Rpns040 Rsh1.50e2 1.4 40 150 0.7
. Mi.4 Rpns040 Rshi.76e2 1.4 10 175 07
Parameters we varied: M2.8 Rpns020 Rsh6.00e1 2.8 20 60 28
g . M2.8 Rpns020_Rsh7.00el 2.8 20 70 2.8

NOTE—Model parameters chosen for the 5 models. All models were

/'\4 ?\j run with both GR and NR. The first three rows correspond to the
( PNS/ @) / (RPNS / 20 km) low-compactness models and the last two rows correspond to the

(O’COnnor and Ott, high-compactness models.
2011), Ry, (¢ = 0)
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A=t % (v? sin6) (Scheck et al., 2008) <movie>

sin 6
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mov.DivV2.mp4
mov.H1Integrand.mp4

A= Slr110989 (v? sin6) (Scheck et al., 2008) <movie>

A(r,0,t) = Z Gy (r,t) Py (cosf)
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mov.DivV2.mp4
mov.H1Integrand.mp4

A= Sirlle% (v9 sinf) (Scheck et al., 2008) <movie>

A(r,0,t) = Z Gy (r,t) Py (cosf)

= Gy (rt):= ﬁ A(r,0,t) Py(cosf) sinfdb

O%ﬁ
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mov.DivV2.mp4
mov.H1Integrand.mp4

A= Slr110989 (v? sin6) (Scheck et al., 2008) <movie>

A(r,0,t) = Z Gy (r,t) Py (cosf)

= Gy (rt):= ﬁ A(r,0,t) Py(cosf) sinfdb

O%ﬁ

Hy (t) := 4w f Gy (r, ) [¢ ()] 72 drr <movie>

Ta
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mov.DivV2.mp4
mov.H1Integrand.mp4

M2.8_Rpns020_Rsh6.00el

101

0 10 20 30 40 50
t [ms]
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F(t) = F(0) *“! sin® (%Tt + 5>

(Blondin and Mezzacappa, 2006)

M1.4_Rpns040_Rshl.20e2

1026
o 21 M
O
i
m 1016 "
= NR
10" —
0 100 200
t [ms]
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Fy = ap® hW?2 x /5 puv" vy
Fy =FFT{F}}

M2.8_Rpns020_Rsh6.00e1l

M2.8_Rpns020_Rs6.00el

R 1.00
[ N f

::::Z N = om

v ) & [ \\
gz& 0.50

£ J A\
o ] J/
\)U 000f= 1

-1 0 5 10 15 20

0 10 20 30 40 50

T fms

T defined as the unique T such that ﬁg <f) =1
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M1.4_Rpns040_Rshil.20e2

M1.4_Rpns040_Rsh1.50e2

M1.4_Rpns040_Rshi.75e2
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o Extended study of Blondin and Mezzacappa (2006) to include GR
@ Showed that GR leads to longer SASI oscillation period than NR
@ Showed that GR leads to smaller SASI growth rate than NR

@ Found that growth rate is such that w1 is roughly constant for some
parameter sets: implications for growth rate mechanism
o Future Work

o Extend study to 3D
o Include GR monopole (Marek et al., 2006)
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