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What are shocks?

Propagating disturbance that moves faster than the local speed of sound in the medium.

Hydrodynamic shock Radiative shock

Credit: NASA, ESA, Zolt Levay (STScl)

Credit: Realbigtaco / Wikimedia
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Model to describe a radiative shock w %

Radiative hydrodynamics model

Hydrodynamics equations:
Bip+ ¥ - (V)
61p7 +€ p7®7+p)
OE + ? (E + p
m Density p,

m Momentum p7,
m Energy E,
m Pressure p
Perfect gas closure relation:
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M1-gray equations:

a[E,q+?~?H = —CSO
c2FR)+V.-Pq =—8

m Radiative energy Eg,

m Radiative flux T—JH,
m Radiative pressure IPg

M1 closure relation:

IPr = IDRER
IDg: Eddington tensor

(Levermore 1984 ; Dubroca & Feugeas 1999 ; Radureau et al. 2025)

3/15



VA RAA \
Model to describe a radiative shock w ?‘:‘

Radiative hydrodynamics model

Hydrodynamics equations: M1-gray equations:

61P+€~(07) =0 fﬁrEn+?~?D =_—§;90
4
O b
- HADES-2D code
t
m Dens 2D radiative hydrodynamics code using a Cartesian
mesh, used in the study of astrophysical phenomena.
= Mom
™ Energ Michaut et al. (2011), Nguyen (2011), Michaut et al. (2017)
B Presshwe J
Perfect gas closure relation: M1 closure relation:

p=(v—1{E-p’/2} Pr = IDAEr

IDg: Eddington tensor
(Levermore 1984 ; Dubroca & Feugeas 1999 ; Radureau et al. 2025)
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Resolution method

Courant—Friedrichs—Lewy (CFL) stability
condition

Az At
< 9 Hydrodynamics
Ay t

A
Atp < Ax/v
Radiation hydrodynamics
At < Ax/c

Tog I i | Comparison of both time steps
Poral luteg,
at;

s v~10*m/s, c~108m/s
Spatial Discretization

= At ~107*At,
m Ax, Ay are fixed
m At is determined by the CFL condition

Very high computational cost
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Neural Networks

b
Multi-Layer Perceptron
Ty W Assembly of perceptrons in layers.
T2 Wa f > Y Inputl—».
ws —
Input2—>., a\ <7 ) .—> Output 1
T3 Perceptron S <.
Input3—>‘ SN < ' .—»OutputZ
Base structure: the Perceptron ~ @9
. X Input4—>."./7_ < - .—POutputS
Input/output relationship: — @ ;
InputS—».' "'
y= f Z WiXi + b Input layer Hidden layer Output layer
i

Where: Multi-Layer Perceptron

m w; : weights,

b Bi Universal function approximator
[ ] . blases, (Hornik et al. 1989)

m f: Activation function.
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Physics-Informed Neural Networks

Automatic
differentiation

).\ Physics

—
U +V - F[U] = S[U]

Error terms:

B Lgaa: Simulation data;

Input variables
(time, position)

—
AR o

m L, :initial conditions;
' ® Lpc : boundary conditions;

Leg B L : equations.

Ldata, L10, LBO

Overall loss function
L = wicLlio + WiataLdata + WBCLBC + WegLeq

Residual in Leq res =) {ou+ ¥ -Flu] - sju]}’
Weight X (Liuetal, 2023) A = {1 . (ﬁ V-V 7) }71

Physics equations incorporated in the error
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Physical test configuration

Zero-order
extrapolation

Symmetric
boundary conditions
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Initial Conditions
¢ Density :po=10"%g/cm?
¢ Temperature : Top = 4.3 eV
¢ Velocity i Vo =50 km/s

Tested Configurations

m Hydrodynamic shock
Mach number: Myygro = 16

m Radiative shock
Constant mean free path: £=1m
Mach number: M;aq = 11
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Data repartition for the different error terms RS !!'

tr
Lic
® Ldata
— e Lpc
£ £y o _li—t
X j T k-1
i moH,—0 No extrapolation
i m o, — 1 Far extrapolation
1.0 15 2.0
x10~4
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Hydrodynamic shock - extrapolation
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Radiative shock - extrapolation

x102
| 19
i i 08 =
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Radiative shock - interpolation: data repartition

to tr
30 fummrr s i
; R R RaR e 2 ° EIC
S SaRna 4 Ldata Parameter of interest:
— 204 SRR R SRR ) Lpc . )
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Radiative shock - interpolation

E
x
x102
BTN
0.8 ! Z
O — 1 —
068 ts Y
"~ ¢ Prediction Nsjm, = 30
R
2
0 30
0.0
1074
tis] —20
Expected temperature E
X

e
t[s] x10

Error Ngjm, = 30

@ G. RADUREAU, C. MICHAUT, A.l. COMPORT

t[s]
Prediction Ngj,, = 300

1
t[s]
Error Ngjm, = 300

x1074

=== Shock position
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Source of the problem in radiative Shocks (radureau et al. under review)

x [m]

1
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Temperature source
30 X1
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* 10
00 1
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Radiative temperature source

x10° 1 980
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X 11
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0708 &
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1.150
0.843
0.536
0.229
-0.078

Sy [m/s?]

—0.385

0.15
-0.39
-0.93 1
-1.47
-2.01
—2.55

|

Sf,7 [S

Reduced flux source

2

»

Governing equations used

Hydrodynamics Radiation

61p=... O,TR=~~~+STR
OT=---+57 atfn=~~'+SfR
dv=-+8S,

Stiff source terms appear at
the edge of the radiative
precursor

- 1/4
Radiative temperature : Tg = (E—R)

aR
. F
Reduced flux fg = ﬁ el—1,1]
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Conclusions and Perspectives

Conclusions on PINNs

m Hydrodynamic shocks — accurate long-term extrapolation;
m Radiative shocks — failure due to discontinuity + stiff source terms;
m Radiative shocks — Successful interpolation using sparse data.

m PINNSs: investigate formulations better suited for discontinuities and stiff source terms (e.g.,
weak-form PINNs, adaptive / domain-decomposition methods);

m Beyond PINNs: explore alternative Al approaches for radiative shocks (e.g., Neural Operators)
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Loss function - Equations

Radiative hydrodynamics equations:

Otp + VOxp + pOxV =

OV + VvOoxv+ R (T%+6XT) = Oy

0T + vO,T + (y — 1)Tov - = 8U+AdU =S[U]
oTr+ ¢ (1a0,Ta + 0in) - 51,

afp+c ((x;:, —fr) Befr+4 (xm — 12) GTL) -5,

where:
S.= a’f? lta—8[xn+(T/Ta)"|} . sr= - (1/Ta) - 2t}
Sto= SR (TR gt} Su= St (T/Te) B [xa - B+ (T/TR)])



Loss function - Equations

Automatic
differentiation

@
A

Physics
>atU+?.F[Uj —s[u]

Lata, L1¢, LBC

Input variables
(time, position)

—

Overall loss function
L = wicLic + WataLdata + WBcLBe + WegLleq

Equation loss function:

1 L
Leg = N—eq;>\/‘||R(ti,xi)||2 .

Residuals:
R(;, x;) = 0:U(t;, i) + A(t;, x;)0xU(t;, x;) — S[U(t;, ;)]



Loss function - Initial conditions

Physics

>B,U+$’. F[U] = S[U]

Laata, L1c, Lse

Overall loss function

L = wicLic + WiataLdata + WBcLBC + WegLeg

Initial condition loss function:

Nic

Lio= Ni,c ; 1U(to, X)1 -

where:
log(p)
asinh(v)
I[U] = log(T) ,
log(Tr)

asinh(arfg)

and ay = 10°.



Loss function - Boundary conditions

Boundary condition loss function:

Automatic N
differentiation BC

1
)‘\ Physics LBC = N_BC ; ||B[U(tll Xmln)]| |2 I’
>3¢U+$’-F[U] —s[u]
' where:
L _ | asinh(v)
Laata, L10, LBC B[U] = [as'nh(affﬂ)] )

Overall loss function
L = wicLic + WdataLdata + WpcLBe + WegLeq

and agy = 10°.



Loss function - Simulation data

Simulation data loss:

Nsimu

1
Lata = 15— 2_ [I1U(t, X)]~Usimu(ti, )] 1*
Nsimu -1

§0 e where:
§§{ 0,U +V - F[U] = S[U]
H log(p)
. asinh(v)
J “ U= | log(T) :
Overall loss function |Og (T R)

L = wicLrc + WastaLata + WBCLBC + WegLeg

aSinh(agrf,q)

and ay = 10°.



Neural network - hydrodynamics

T —>

Normalisation [0,1]

MLP

Transformation

— p

l >T

MLP
Number of hidden layer : 3
Number of neuron per hidden layer: 1

Transformation:
p = |Wo| SP(y1) + byl
V=|wy|ys+by
T = |wr| SP(ys) + |br|



Neural network - radiative hydrodynamics

Normalization [0, 10]

Y1

Y2

Transformation

MLP,
Number of hidden layer : 2
Number of neuron per hidden layer: 20

MLP,
Number of hidden layer : 2
Number of neuron per hidden layer: 20

Transformation:
p = |Wpo| SP(y1) +[bp|
V=W ys+by
T = |wr| SP(y3) + |br|
Tr = |wr| SP(ya) + |br|
f IVVfFi‘ Y5
R=—"
ag

and ay = 10°.
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