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Introduction

In astrophysics there are several systems where a continuous fluid has a velocity shear
or where two fluids in contact are streaming in opposite directions and which, as time
passes, evolve to a turbulent regime where the two fluids mix. This mixing process is
primarily driven by the Kelvin-Helmholtz Instability (KHI), where a small perturbation in
the interface between the two fluids evolves to an instability in a curly shape ending up
with the mix of the two fluids. The creation of this vortex, characteristic of the KHI, plays
a fundamental role in many astrophysical processes such as galaxy evolution (Agertz et al.,
2009), structure formation (Burkert, 2006) or clouds moving through the circumgalactic
medium (Sander and Hensler, 2021). Due to the importance of this type of instability
in nature, the KHI is commonly used to test numerical codes and, in particular, new
astrophysical hydrodynamics codes (Springel (2010) with AREPO, Hopkins| (2015) with
GIZMO or |Schaal et al. (2015) with TENET). If a code can reproduce this instability
properly, it is expected to properly capture the mixing and turbulence in astrophysical
simulations, which is fundamental if one wants to get the most accurate results. However,
in the past there has been some controversy with SPH schemes due to the fact that they
couldn’t reproduce well the KHI (Agertz et al., 2007; McNally et al., 2012)). This problem
remained unsolved until the introduction of the new Wendland kernel by [Dehnen and Aly
(2012) where, with an increase of the number of neighbours, the KHI was finally successfully

evolved also with SPH codes (Tricco and Price, [2013; Hu et al., 2014]).

The KHI is also a fundamental process in the evolution of bubbles and cold fronts

in the Intracluster Medium (ICM). This type of instabilities has been observed in cold
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fronts moving through the ICM (Breuer et all [2020; Ge et all [2020), which can lead to
a disruption of the cold front. The viscosity of the ICM plays a fundamental role in the
growth of the KHI and observations of these instabilities together with simulations can give
us an idea of the viscosity that the ICM has, which is still an open question. By measuring
the amplitude of the KHI observed and comparing these observations with simulations,
one could estimate the level of suppression experienced by the evolving perturbation and,
therefore, the amount of viscosity of the medium. There are several studies in this field
(Roediger et al., 2013a; |ZuHone et al. 2015), but still no agreement has been reached.
Other works analyse the effect of the viscosity of the ICM with the evolution of buoyant
bubbles from AGN jets (Sijacki and Springel, [2006; Dong and Stone, 2009).
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Figure 1: Galaxy NGC 1265 at 230-470 MHz. Color scales units are Jy beam™!.
We appreciate the KHI in the filaments of the tail of the galaxy. Image taken from
Gendron-Marsolais et al.| (2020)).

This thesis is organised as follows: In chapter[I]we derive the equations of hydrodynamics
and give a detailed description of the numerical implementation of the Smoothed Particle

Hydrodynamics (SPH) and Meshless Finite Mass (MFM) schemes. In order to see how

0.3
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these two numerical schemes work, we test different parameters and implementations of
SPH and MFM in chapter 2l Then, in chapter [3| a deeper comparison between the two
schemes and the different implementations within each code is performed. In chapter
we derive the equations of hydrodynamics when also the viscosity is taken into account
and explain how it is implemented in our SPH codes. Then we perform an analysis with
different amounts of viscosity and their effect in the evolution of the KHI. Finally, we test

different initial conditions in chapter [5| to see the effect they have in triggering the KHI.
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Chapter 1

The theory behind SPH and MFM

Having numerical codes that reproduce the behaviour of fluids in a realistic way is extremely
important to study fluid dynamics and perform a number of experiments that cannot be
done in laboratories. In this process, we need to describe the equations governing the
motion of the fluids. In this first chapter we are going to derive those equations and see
how they are described in the numerical schemes we are going to use: Smoothed Particle

Hydrodynamics (SPH) and Meshless Finite Mass (MFM).

1.1 Equations of hydrodynamics

The particles in an ideal fluid move following the so called ‘Euler equations’ which describe
the conservation of mass, momentum and energy. We are going to derive these equations
following Landau and Lifshitz (1987) and [Dullemond and Wang] (2009)). Let’s first define
the independent variables density p(z, y, z, t), velocity U(x, y, 2, t) and specific energy e(x, y, 2, t).
To describe the fluid we could also use the pressure P(x,y, z,t), which is related to the

density following
P=Ap", (1.1)

where A is an entropic function which is constant during adiabatic processes and 7 is the

adiabatic constant. It is important to note that the coordinates x, y and z refer to a point
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in the space, not a specific particle of the fluid.

1.1.1 Conservation of mass

Let’s now consider an arbitrary volume of the fluid V. We can define the total mass inside
the volume as [ pdV. We write the surface of this volume as S, and the unit vectors
pointing outwards the volume as 77. Now, considering the conservation of mass, we can say
that the change of the mass inside the volume is equals to the flow of mass that enters or

exits the total surface:

%/pdV:—]{pU-ﬁdS. (1.2)

We now use the Gauss’s theorem which relates the flux of a vector field through a surface

with the divergence of this field inside the volume delimited by the surface

fpa-ﬁds_/v.(pa) av . (1.3)

We write equation as

0
5% pdV:—/V-(pU) dv, (1.4)
and thus, we can write the continuity equation as
dp
el o) =0 1.5
L9 (1) =0, (15)
or in tensor form
dp  9(pvk)
— +—==0. 1.6
ot " om, (1.6)

1.1.2 Conservation of momentum

For the conservation of momentum equation we can proceed in a similar way as in the
conservation of mass, where now the total momentum in a volume V is given by [ pt'dV.
In this case we also have to add an additional term for the external forces applied to the

volume along the surface — ¢ PridS. Thus we have

%/pﬁdvz —?{pﬁﬁ-ﬁdS— ?{PﬁdS. (1.7)
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In order to be able to apply the Gauss’s theorem again, we need to express P as P,

where I is the unit tensor. By doing this change we have

0
ot

and applying the Gauss’s theorem as before we get

0
ot

—/pUdV:—]{(pUﬁ—i-IP) .7idS,

= pUdV:—/V-(p1727+IP)dV.

(1.8)

(1.9)

Now we can write the conservation of momentum equation (also known as Euler’s equation)

as
0t) | G (poo 1 1P) = 0
ot
which is the same as
it
WY) 5 (pie) + VP =0,
ot
or in tensor notation
d(pv;) 0
By +0xk (pvivg + 04 P)

A(pv;)  Opvsvg) N oP
ot 0y, or;

We can now define the momentum flux density tensor II;; as

0.

1L, = pvjvg + 0P

and rewrite equation [1.12] as

8t 7_8‘7% ’

(1.10)

(1.11)

(1.12)

(1.13)

(1.14)

(1.15)

I1;; is a tensor of rank two that describes the ¢th component of the amount of momentum

flowing in unit time through unit area perpendicular to the zj-axis (Landau and Lifshitz,

1987).

If we continue operating equation [1.11

o  _dp

+0—+piV -U+0V-(pt)+ VP =0,

Pot TV o

(1.16)
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where the second and the fourth terms cancel out due to the continuity equation (1.5)), let
us write the Euler’s equation as

A B
aJr(v-V)qu;vp_o, (1.17)

and in index notation
81}1- i 81),- i 1 8P
v — —
ot kamk p O0x;

0. (1.18)

1.1.3 Conservation of energy

Finally, let’s define the total energy inside the volume V" as [ pe dV, where e is the specific
energyﬂ. The change of the total energy with time is equals to the energy flowing through
the surface plus the work produced from the outside. This work is given by the first law
of thermodynamics and is defined as —P dV, which is the surface integral of —Pv - ndS.

So the energy conservation equation can be written as

% pedV:—}{peﬁ-ﬁdS—j{Pﬁ-ﬁdS (1.19)

%/pedV:—%(peﬁ—f—Pﬁ)-ﬁdS. (1.20)
and if we apply the Gauss’s theorem we get

%/pedV:—/V~[(pe+P)ﬂdV- (1.21)

Now we can write the equation of conservation of energy as

8(;:) +V . [(pe+P)v]=0 (1.22)
and in tensor notation
J(pe) 0 B

IThe total specific energy is the addition of the specific internal energy and the specific kinetic energy:

e:u—i—%vQ.
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1.1.4 Lagrangian form of the equations of hydrodynamics

We have already seen the Eulerian form of the equations, which describes a fixed volume
and the fluid flowing through it. The idea behind the Lagrangian form is to follow an
element of fluid and see how its properties such as density, pressure or energy, change
along the path. This description will also help us to understand the interpretation of the
physics behind the equations. In order to write the previous equations in a Lagrangian

form, we introduce the Lagrangian derivative?}
—=—+7-V. (1.24)

Introducing it into equation [1.5] we can write the continuity equation in Lagrangian

form as
dp
- o) =0 1.25
8—f+ﬁ-vp+pvﬁ:o (1.26)
dp .
— - =0. 1.2
dt—I—pV =0 (1.27)

This equation tells us that when the element of fluid is compressed (expanded)lﬂ, the density
of this element will increase (decrease).

The Euler’s equation ([1.17)) is straightforward to derive:

dv 1
VP = 1.2
dt+pv 0, (1.28)

which shows that the fluid element will accelerate if a force is applied to it.

For the case of the equation of energy conservation we expand the derivatives and write:

p%—i—e—p—l—v-(peﬁ)%—v'(Pﬁ):O (1.29)

2Note that one can find the Lagrangian derivative with many different names in the literature: material

derivative, co-moving derivative, convective derivative... but they all mean the same expression.
3A compression (expansion) corresponds to a negative (positive) value of V - ¥.
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de 9
pa—j+ea—/g+6V-(pﬁ)+p17-Ve+17-VP+PV-U:O. (1.30)

Now the second and third terms cancel out due to the continuity equation and the first
and fourth terms can be written with the Lagrangian derivative (1.24]), leading to

de P 1

—+—V-U+-7-VP=0 1.31
& + ; U+ pv , (1.31)
which describes the variation of the total energy due to compression and external forces.

2

If we now use the definition of the total energy e = u + %v and calculate the derivative

with respect to time
de du _dv

E:E—Fva. (1.32)
Now substituting into equation [I.31] and using the Lagrangian form of the equation of the
conservation of momentum ([1.28]) we get that the change in the internal energy of the fluid
parcel is given by

du

P
—+—V.-u=0. 1.33
dt+pv U (1.33)

This equation describes how the internal energy of the fluid increases (decreases) when the
fluid is affected by an adiabatic compression (expansion).

If we make use now of the first law of thermodynamics we have

1
du=Tds—Pd (;) (1.34)

and if we compute the derivative with respect time, we get
du ds d /1
—— =T —_—_P— = 1.35
dt dt dt ( p) (1.35)

du ds Pldp
— =T =4 = 1.36
AT P (1.36)

Using the continuity equation ((1.27)) we can write the equation above as

du ds P .
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and with the equation of internal energy (1.33)), the term on the left-hand side of the
equation and the second term on the right-hand side cancel out, leading to

ds
T—=0 1.38
dt Y ( )

showing that the entropy is conserved along the path of our fluid parcel. If we include this

result into equation we can also write the change of the internal energy as

du P dp
—=—=—. 1.39
dt  p? dt (1.39)

1.2 SPH

Once we have defined the equations of hydrodynamics, the next step is to describe all
these equations numerically in order to be able to simulate the behaviour of the fluids. In
this project we are going to focus first on a SPH description of the equations (Lucy, 1977;
Gingold and Monaghan, 1977)), which is a Lagrangian description based on interpolating
the physical quantities among the particles around. The fluid is discretized in a set of
moving particled] with mass that move with the velocity of the fluid and describe its
properties. To do the interpolation we use a weight function (kernel) that gives weight to
the particles around the point we want to focus on to calculate a given fluid quantity. To
see this in a clearer way, let’'s do an example calculating the density.

The question arises immediately: how can we compute the density from a distribution
of point mass particles? The first idea we can think of is to divide the whole domain in
cells and calculate the density by dividing the mass inside these cells by the volume of each
cell. The problem of doing this is that you can oversample (undersample) dense (sparse)
regions and there is also a loss of accuracy. We could think that, instead of establishing a
fixed grid, we could draw a sphere around the desired point and compute the density by
dividing the mass of the particles inside the sphere by the total volume of the sphere

N
Zj:l 1

(1.40)
%WR?’

Pi =

4Note that when we refer to particles we don’t mean real particles, but comoving coordinates.
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With this approach we could define a bigger sphere for sparse areas and a smaller one for
denser areas, reducing this way the over and undersampling. The problem here is that the
sphere is very sensitive to particles near the edge and can introduce some noise. Whether
a particle is just near the border but outside the sphere can really make a difference
compared to the case in which this particle is near the border but inside. So in order to
fix this problem, we introduce a kernel that gives a higher weight to the particles that are
close to the point where we are calculating the density and a lower weight to the ones that
are further away (Pricel 2012)). This way we can calculate the density at the desired point

by summing up the weighted masses of all the particles inside a volume around it:
N
pizzij(|7"i—7"j|,hi), (141)
j=1

where here W (|r;—r;|, h;) is the kernel, which depends on the distance between the particles

and the smoothing length h;. This smoothing length determines the rate of fall-off of the

h=n (%) v , (1.42)

where 7 specifies the smoothing length in units of the average particle spacing and d

kernel and is defined as

indicates the number of spatial dimensions of the system. The number of neighbours N
(see the definition of neighbours below) is usually kept constant by choosing the appropriate

h.

The kernel satisfies the normalisation

but it also must satisfy the following properties in order to be a suitable function for our
purpose: It must be positive, decrease monotonically and have smooth derivatives; it must
be symmetric and it must flatten in the center so that it doesn’t overweight the density
of a close neighbour. With all these properties, the most suitable function we can think
of is a Gaussian. The problem with the Gaussian function is that its region of influence

is infinite, so the number of interactions will be N2, where N is the total number of the
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particles inside the domain. In order to decrease the computational cost, we want to find
a Gaussian-like kernel with compact support, which means that the kernel is truncated at
a finite radius. The particles inside this finite radius (neighbours) are the ones taken into
account for the computation, reducing the number of interactions to Nygp, - N now. This
is fulfilled by the B-spline functions (Schoenberg, 1946; Monaghan and Lattanzio, 1985),
which are generated as the Fourier transform

M, (z,h) = % / h [%]nms(l{x) dk | (1.44)

—o0
and gives better approximations to a Gaussian the higher the order n is. It is continuous
up to the (n — 2)th derivative and, since we need at least the first and second derivative
to be continuous, the lowest order we can use is n = 4, which corresponds to the M, cubic
spline kernel (Price, 2012). It is also the most common B-spline kernel used in SPH and is

defined as

Wii(r,h) = 227 f(q). (1.45)

where Chomp is the normalisation constant and f(q) is a dimensionless function of ¢ =

r; —r;|/h. In the case of the cubic spline kernel in 3D: C,,,., = 1/7 and
j

(

12-qP—-(1-¢q? 0<g<I
flq) = }1(2—(])3, 1<g<2; (1.46)
0. q22,

\

with the compact support being R = 2h.
Once we have defined the kernel, we can write the derivative of p with respect to time

as

N
dp 1 -
= > my (05 — ;) VWi (r, h) | (1.47)
(2 ]:1

where (); is a term that depends on the derivative of the kernel with respect to the

smoothing length, defined as

— " o,

(1.48)
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The gradient of the density is given by

dpi

V,O - 8Tk

N
1
- Q Z m VWi (7, hi) (0ir — Ojk) - (1.49)
7 =1

Once we know how to calculate the derivative of the density with respect to time, using

the continuity equation (|1.27)) we get that
| X

iMi =1

Making use of equation [1.39 we can also get the variation of the internal energy

dul = 0.7 ij 0 VWi (r, hy) | (1.51)

In order to derive the acceleration we are going to use the Lagrangian of a perfect fluid

(Eckart} 1960), given by
1
L :/ {§p1)2 — pu(p, s)} 1% (1.52)

and if we discretize it, we get

N
1
L=Y m, [5%2 — u;(pj, 81)} : (1.53)
j=1
Now, the equations of motion for the particle ¢ are given by the Euler-Lagrange equations

d (OL\ 0L
dt (av:-) o (154)

The first term is equal to the variation of momentum of the particle

d [OL d .

while the second term, assuming that the entropy s is constant, can be written as

oL M du
or, = 2 g,
j=1 J

From equation we can see that Ou/0p = P/p? and we already know 0p/dr (1.49)), so

9p;
—_—. 1.
s 87”1- ( 56)

we can write the previous equation as

N

a_L:_Z Qimkv Wik(r, h;) (650 — Oks) - (1.57)

Iri j=1 05 k=1
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So the equation of motion from the Euler-Lagrange equations (1.54]) become

do; _ —im- [—Pi ViWii(r, hi) + iV'W"(T h)} (1.58)
dt = J leg 1PV ag\iy Q]pi LAY AN .

If we use equation together with the expressions we already have for du/dt and dv/dt,
we get the variation of the total energy

N

de; P P;v;
= = > my {pr;viwij(r, h;) + o LV Wij(r, by )} (1.59)

j=1 v IFj

Another option often used in SPH codes for ideal fluids is to use the entropic function

A(s) defined in equation as the evolved variable, which evolves according to

dA —1_4d —1/d Pd —1/d
(s) _v—1,ds v du  Fdpy _ 7 Y (1.60)
dt b de prl o1\ dt diss

where the subscript “diss” refers to the dissipative part of the evolution of thermal energy.

Then the internal energy can be computed as

pr
u="t—A. (1.61)
7 _

Since dA/dt is equal to 0 when there is not dissipation, using the entropic function A has
the advantage that the evolution is independent of the time-integration algorithm (Price,
2012).

As a summary, the SPH code computes the density, velocity and internal energy of the

particles as follows:

N
Pi = ij Wij(r, hi) (1.62)
j=1
dvz P;

— TV . 1.
ij {Q 2 ViWi;(r, hi) + ijgvzmg(ﬁh]) ) (1.63)
duZ

= 0.7 Zm] 0;) VWj(r, ;) . (1.64)

Once we have derived the basic equations of hydrodynamics in SPH, we are going to

write now a general description by considering a field F(r) defined at every position in
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space. We can interpolate this quantity using
F(r)= /F(r') Wi(r—r" h)dr (1.65)

and if we discretize it, we get

Fr) = S my 2 Wl =y, ), (1.66)

=1 !
which corresponds to if F(r;) = p(r;). Using this we can write a general formulation

for any physical quantity. For the gradient we just take the derivative of equation [1.66] and

get

N
F,
VF(r;) ~ ij% VW (|r; — |, h). (1.67)

j=1 J

If F(r) is a vector field, we can also write the two following expressions

N —

L F.
V- F(ry) :ij—J-VW(]ri—rj],h), (1.68)
=1 M
N ﬁ
VX F(r) = =Y m= x VW(|r; — 4], h). (1.69)
=t M

Although this can lead to poor gradient estimates, these expressions can give us a general

idea for interpreting SPH.

1.3 MFM

Since the SPH equations are derived directly from the Hamiltonian, the discrete system of
particles is exactly conservative. This means that it has zero numerical dissipation, which
can be a great advantage because the numerical solution will not diffuse entropy or energy
artificially. However, this can become a problem when dissipation is required physically.
When we have shocks or fluid mixing that tend to increase the entropy of the system, an

artificial diffusion must be added explicitlyf| (Price, [2011)).

5This will be treated in more detail in chapter
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When using a Godunov approach (i.e. grid methods), instead of discretizing the
fluid in point mass particles as we did in SPH, we discretize the domain into cells that
contain the information of the fluid in that particular region. Then, since there is a
discontinuity between the different cells, one must solve a Riemann problem consisting of
two piece-wise constant states that meet at a plane (Springel, 2014)). The fact of solving a
Riemann problem between each pair of cells avoids the need of adding numerical dissipation
artificially. Therefore, a solution would be to derive a mixture between the two methods:
a Godunov-like formulation to be a consistent Lagrangian meshless scheme from the basic
principles (Gaburov and Nitadori, [2011)), the so called “Godunov SPH”. This would have
the conservation properties of SPH, but the artificial dissipation would come up naturally,

like in grid methods.

Hopkins (2015) introduced a method based on kernel discretization of the volume to
a higher-order gradient estimator and a Riemann solver between the particles inside that
volume, the Meshless Finite Mass (MFM) method. This allows the particles to move with
the flow; energy, mass and momentum are conserved and there is no need of artificial

diffusion terms.

For the derivation of the meshless equations of motion, we follow |Hopkins (2015). First
we write the equations of hydrodynamics described in as a system of hyperbolic partial

differential equations in a frame moving with velocity ¥ ame

ou
E‘FV'(F_ﬁframe@U) =0, (170)

where - is the inner product and ® the outer product. U is the “state vector” of the

conserved quantities

u- el =] (L71)
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and the tensor F is given by

—

pU
F=|piio+PI|. (1.72)

(pe + P)U
In order to solve it, we are going to employ the discontinuous Galerkin method, where
we introduce a weak formulation of by multiplying a test function ¢ to equation [1.70]
(Luo et al. 2008). We now integrate over the volume V' and using an integration by parts

of (V- F) we get

dU
/(EQS—F-VQZ)) dV+]§(F¢)-ﬁdS:0, (1.73)
where we have used the Lagrangian derivative (1.24]) with the frame velocity and the
Gauss’s theorem ([1.3). ¢(7,¢) is taken to be a differentiable Lagrangian function (d¢/dt =
0). Assuming that the fluxes F and/or ¢ vanish at infinity, we can set the second term on

the left-hand side to zero and write equation as

d
a/U¢dV—/F-W)dvzo. (1.74)

For discretizing this integral, we consider a differential volume dV and we partition it

fractionally among the neighbours assigning a weight to each of them with a kernel W (|77 —

7;|, h) as it is done in SPH. Each fraction of the volume is given by
W (| =i, h)

Zl W (|7 =73, h)

]:

(1.75)

This weighting function indicates how the partition of the volume is made at any point
7 among the volumes associated with the tracer ¢ (Hopkins, 2015). All the properties we
explained for the SPH kernels apply to this kernel as well (see section . If instead of
this weighted partition, we had divided the volume with a Voronoi mesh, we would have
obtained the moving-mesh method codes like AREPO (Springel, 2010). Applying this
definition of the volume partition to an arbitrary function f(7) to second order accuracy

we get

/ [V =3 / F AV = 3 £i() / GV +O(R) = 3 [Vt O(2), (176)
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where V; = [¢(7)dV is the “effective volume” of the particle i. If we now apply this to

equation [[.74] we get
d d
T zl: ViUig; — zl: ViFi- (V@)i—r, = z; {sz‘ 3 ViUi) —ViFi- (Vo)rr| =0, (L.77)

where (V¢)r— is the gradient of ¢ evaluated at 7= r;
For the estimate of the gradient, we use locally-centered least-squares matrix gradient
operators, which can exactly reproduce polynomial functions across the particles independently

on their spatial configuration. For a second-order accuracy we have

J

ZZ — FOBY (5 — )7+ O = S (f; — F)9S () (LT8)

B=v
)= B =) (). (1.79)
p=1
The matrix B, is evaluated at each ¢ by taking the inverse of matrix E;
B, =E;* (1.80)
By =D (5 = 75 — ) (7). (1.81)

Making use of this computation of the gradient (equation|1.78]), the second term of equation
[L.77 can be written as

ZVF“ (Vg)? ZZVF“ Z@Z (ViF§9s () = ViF§98(75))
(1.82)

so we can write equation [I.77] as
d o o,
E of (&(ViUi) + E [ViFs (ri) — ViFy; (7“3')]) =0. (1.83)
i J

The inside of the parenthesis must be zero, so we get an expression independent of the test

function ¢:

d ~ ~
3 (ViU + D_[VIFT U5 () = ViF§9(75)] = 0. (1.84)
J
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If we now calculate F at positions ¢ and j independently, we will need artificial dissipation,
as happens in SPH. Instead of that, we calculate the flux between these two particles by
solving a Riemann problem, which automatically includes the dissipation terms. We write

the expression above in terms of the flux ]?‘ij between the two particles

SOAU) + Y FG Vg () — Vi (3] = 0. (1.85)

Finally, we define A;; = |A;;|A;;, where A:O‘j = %&f(ﬁ)—%zﬁj‘(r}) and the equation becomes

%(VZUZ-) - ; Fi- A =0. (1.86)
The temporal evolution of the particle-volume integrated value of the conserved quantity
of particle 7 depends on the sum of the fluxes ]?‘Z-j through an effective area A:j.

Since the fluxes are computed directly from the conserved quantities between the
particles, the conserved quantities described by the equations of hydrodynamics (mass,
linear momentum and energy) will be conservedﬁ.

Mainly, SPH is a Lagrangian scheme that discretize the fluid in particles. The evolution
is computed following the motion of the particles with the fluid and the physical quantities
are calculated interpolating among the particles around. This allows a perfect conservation
of the energy and entropy with zero intrinsic dissipation. On the other hand, the MFM
schemes also follow the motion of the particles, which allows the conservation of energy;
but the computation of the physical quantities is done by solving a Riemann problem
between the interacting particles. This produces diffusion, which is needed in many physical

processes, but it is also more expensive computationally.

6For a more detailed explanation of the scheme, see Gaburov and Nitadori (2011) and Hopkins| (2015)).
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Selection of the parameters

Once we have explained the equations that describe the movement of the fluids and how we
solve those equations using numerical schemes (in our case SPH and MFM), the next step
in the process is to test the codes. In order to do it, we need tests of which we know the
solution. If we are able to reproduce the results expected in those tests, we could rely on
the code for more complex systems. In this project we are testing the SPH and the MFM
codes with the Kelvin-Helmholtz Instability (KHI), a really common test in hydrodynamics

to see if the codes perform well or they need some improvements.

As we have mentioned in the introduction, there has been some controversy during
the past years due to the fact that people couldn’t develop the KHI using SPH codes
(Agertz et al., 2007; [McNally et al.| 2012) and, since these kind of instabilities are key
in fluid mixing, getting them grow became a challenge. In this chapter we are going to
perform different tests using OpenGadget3 in order to see which parameters are necessary
to reproduce the KHI. We are going to start from a similar version of the so called ‘standard’
SPH (Springel, 2005) and we are going to add different improvements to the code as it is
done in Beck et al.| (2015)), explaining every different implementation we consider. The aim
of this chapter is to be able to determine the parameters we need to implement within our
code in order to reproduce the instability and test the impact that the addition or lack of

these parameters has in our simulations. Additionally, we are also going to try to develop
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the instability using MFM codes, testing them in a similar way to SPH. In this first chapter
we are going to analyse the growth of the instability from a qualitatively point of view,
checking that the shape corresponds to the one we expect. In the following chapters we
are going to analyse the intrinsic properties of each code quantitatively and compare them

to try to determine the most appropriate parameters to use.

2.1 Kelvin-Helmholtz Instability

The first thing we must do is to introduce the instability we are going to analyse. The KHI
arises when two fluids in contact move in opposite directions, where the shear velocity, and
possibly the density, changes discontinuously at the interface. This shear flow is unstable
and a small perturbation causes exponential growth of velocity orthogonal to the flow. This
leads into vortices that curl back upon themselves forming the typical KHI rolls (see figure

2.1). Once the instability becomes non-linear, secondary instabilities appear generating

turbulence and mixing the two fluids along the interface (McNally et al., 2012; Tricco,

2019).

Figure 2.1: Scheme of how the KHI is triggered (modified image taken from KHI cloud
structure).

From a linear analysis in two dimensions, one can derive that the time evolution of the


https://www.brockmann-consult.de/CloudStructures/kelvin-helmholtz-instability-description.htm
https://www.brockmann-consult.de/CloudStructures/kelvin-helmholtz-instability-description.htm
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y-velocity of the perturbation evolves exponentially (~ exp [i - n - t])} n is the mode of the

perturbation and is given by

n= [k (Av,)* (o — )] +1i

/{32 2k4
VT + \/ ”4 +4R2(Av, 2anas | | (2.1)

where k is the wavenumber of the perturbation, Awv, is the difference between the two

velocities, v is the viscosity and «; and as are defined as

P1 P2
= , (]{2 == .
p1+ p2 p1+ p2

aq (22)

The real part of equation describes the oscillation provoked by the perturbation (which
is not of interest here), while the imaginary part determines the growth or decay of the
instability damped by a viscosity v. The positive solution of the square root leads to an

exponential decay, whereas the negative solution to and exponential growth, which is the

case of the KHI (Junk et al., 2010).

2.2 Initial conditions

To set up the initial conditions for the simulations, we follow the ones suggested by Beck
et al.| (2015)). We create a 3D box with 774144 particles of equal mass (m = 3.13-107%) set
up using a cubic lattice with periodic boundary conditions. The size of the box in internal

unitf] is Az = 256, Ay = 256 and Az = 8 and the domain satisfies:

p T v — pl;Tlavl |y’ < 64 (2 3)
o p27T27U2 |y’ > 64

where the densities are p; = 6.26 - 107% and p; = 3.13 - 107%; the temperatures 1) =
2.5-10% and T, = 5 - 10° and the z-velocities v; = —40 and v, = 40. The density and
temperature ratio given by R, = p1/p2 = T3/T) is constant and equals to 2, ensuring a
pressure equilibrium in the system. With these initial conditions we get a Mach number

of My =wv1/c; = 0.23 for the first fluid and My = —vy/ce &= 0.17 for the second one.

IFor a complete derivation see Junk et al.| (2010).
2The conversion from internal units to physical units can be seen in table
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In order to trigger the instability we add a small perturbation in the y-velocity at
Yme = £64 (equation [2.4)), similar to the one introduced by Read et al (2010) but varying

the values so it can be adapted to our initial conditions:

o= i (B2 e (- () o (5 o (- (52 )

(2.4)
where A = 128 is the wavelength of the perturbation, dv, = |v,|/10 = 4 is the amplitude of
the perturbation and o = 0.2\ is a scale parameter to control the width of the perturbation
layer (Junk et al., 2010).

With these initial conditions, we can calculate the dynamical timescale of the perturbation
with equation (see derivation in appendix [Al

TKH — A —(/)1 +p2)
Av, (p1 pa)t/?

(2.5)

With our values we get a growth time of 7y = 3.39. This means that the velocity of the

KHI will grow exponentially until approximately ¢t = 3.309.

Physical Magnitudes Mass Time Length Temperature
Physical Units (Code Units) 10 Mg, 1 kg 1kpc 1K
Physical Units (cgs) 1.989 - 101 g | 3.086 - 10'%s | 3.086 - 10*! cm 1K

Table 2.1: Conversion of one unit from internal to physical units. In this text we will

always refer to internal units.

2.3 Smoothed Particle Hydrodynamics

Once we have defined our initial conditions in order to reproduce the Kelvin-Helmholtz
Instability, we can start running the simulations. We are going to start from a basic SPH
code and we are going to keep adding different features to improve it in order to get the

results we expect. In each step we are going to explain how that implementation works
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and why it is relevant for the correct operation of the code. In this project we are going to
use OpenGadget3 (Beck et al., [2015), which is an improved version of Gadget2 (Springel,
2005).

2.3.1 Standard SPH

As we have already mentioned, the first code we use is a similar version to the ‘standard’
SPH implemented in Gadget2. We don’t use the actual ‘standard” SPH, but instead of it
we have disabled some features already implemented in Gadget3 in order to have a similar
behaviour. In this version, we are using a cubic spline kernel without bias correction and 64
neighbours. This version also uses a constant viscosity, no conductivity and no Wake—upﬂ

(in the next sections we will explain each of these features).

After running this first simulation, we get what we see in figure

t =3.00 t=4.00 t =6.00

Figure 2.2: Colormap of the density for the basic SPHatt=3,t=4,t=6and t = 7.

Under these parameters the instability does not develope, as it was suggested in the
literature already mentioned. The results show a small growth of the instability, but much
smaller than the one expected. Also, the mixing is nonexistent due to the artificial surface
tension between the two fluids, meaning that this basic SPH is not good enough to simulate

the mixing of two fluids.

3For a more detailed description of the code, see [Springel (2005) and Beck et al.| (2015]).
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2.3.2 Addition of artificial conductivity

One of the best characteristics of SPH is that, since it is built from the Lagrangian, it
conserves energy and entropy intrinsically and doesn’t diffuse or dissipate energy artificially,
which doesn’t happen in grid codes (see sections and . Unlike SPH, in grid codes
the discretization of the domain and the computation of the quantities between the cells
solving a Riemann problem introduces a numerical diffusion (Springel, 2014). Although
this is a huge advantage for SPH, it can also be a big disadvantage. If we don’t treat the
discontinuities properly, we will never be able to reproduce the correct mix of two fluids
(see figure 2.2). When the two fluids in the KHI mix, the entropy of the system tends
to increase and, if the code doesn’t allow this, these fluids will never mix. SPH has zero
intrinsic (numerical) dissipation, which means that it must be added artificially.

In order to solve this problem, Price (2008) introduced an artificial conductivity (AC),
which removes the surface tension and allows the mix between the two fluids. If we
implement this artificial conductivity in our code, we can see that the surface tension
is no longer a problem and the two fluids start mixing (figure .

In OpenGadget3, the AC implemented can be time dependent, as described in Beck
et al.| (2015). The variation of internal energy due to AC is given by

dui
dt

N
= Z &(u] — ul) Oé%’l]j;g’cﬁij s (26)
1 Pij

cond j=

where F;; = (Fj;(h;) + Fy;(h;))/2 is the symmetrised scalar part of the kernel gradient

terms V;Wi;(hi) = Fij7y; af; = (af + af)/2 is the symmetrised conduction coefficient

sig,c

and v;;>" is the signal velocity. The signal velocity depends on the pressure gradient, as

suggested by [Pricel (2008)

. P — P
e — | : il . (2.7)
p'L]

The AC coefficient is defined as

A
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where the time dependence is given by the internal energyﬁ and the gradient of the internal

energy, which is computed using
1 X
(Vu); = o Z my (uj — u))ViWi; . (2.9)
) =1

When «of is bigger than a threshold value (in our case apmax = 1.0), the value of af is set
t0 Qimay; while if it is smaller than a minimum value (we set a,, = 0, so in our case there
was not minimum value), of is set to Qupin.

However, in our simulations we set a constant artificial conductivity (unless otherwise

specified, see section [3.5.1)) with an AC coefficient of af = 1.0.

t=4.00

Figure 2.3: Colormap of the density for the ‘standard’ SPH + artificial conductivity at
t=3,t=4,t=6andt="T.

With the implementation of the artificial conductivity the problem of the surface tension
is solved, but we still don’t get the roll shape of the KHI, which means that artificial

conductivity is not the only feature we have to add to our code.

2.3.3 Selection of the kernel

By adding the artificial conductivity we have solved the problem we had with the surface
tension, but we cannot reproduce the typical roll of the KHI yet. Read et al. (2010

explained that the fact that the particles are not perfectly arranged and that there is some

4Since the internal energy evolves with time, the dependence of o with w; also implies a dependence

of af with time.
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level of particle disorder can introduce some error, the so called ‘Ey error’. This error
is the attempt of SPH to restore the particle order and it can dominate the simulation
resulting in a wrong performance of our code (Price, 2012)). A density step (which is the
case of our simulations) is a clear case of an irregular particle distribution, suggesting
that the fact that our code fails to reproduce the correct mixing in our runs can be due
to this type of error. The best way to reduce the ‘Eg error’ is to increase the number
of neighbours with which the code computes the density. The problem is that with a
cubic spline kernel, a high number of neighbours leads to ‘pairing instability’ (Schuessler
and Schmitt} [1981)), produced when two particles are very close to each other. When
decreasing the distance between the particles, the pressure gradient reaches a maximum
and, if the distance decreases even more, the force instead of being repulsive, it becomes
attractive, causing that the two particles form a “pair” and they end up collapsing in the
same position]]

Dehnen and Aly| (2012) demonstrated that those smoothing kernels whose Fourier
transform is not non-negative will always produce pairing instability for a large number of
neighbours and, to solve that, they proposed a Wendland function (Wendland, 1995) as a
kernel. This type of function has a Gaussian-like shape with compact support and, unlike
the B-spline functions, has a non-negative Fourier transform, which means that it is stable
for any number of neighbours. The kernel for a Wendland function is defined by equation

1.45, but with Cpp = 1365/5127 and

2
(1-92%4¢® + 2L +4g+1), g<2;
fla) = (2.10)
0. q=2,
for the case of a C°® kernel in 3D (Price et al., 2018), the one that we are going to use in
our simulations.
In this section we have used the same parameters as in the section before, but we have

changed the cubic spline kernel for a Wendland C° kernel with 295 neighbours.
Figure shows that with a higher number of neighbours we can finally get the KHI

5In appendix |B| we can see the effect that the pairing instability has in our simulations.
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t =3.00 t=4.00 t =6.00

G G B SC

Figure 2.4: Same images as in figure but using in this case a Wendland C° kernel with
295 neighbours.

but, in order to be able to use this high number of neighbours, we need a Wendland
C* kernelﬁ. We, therefore, agree with |Dehnen and Aly (2012)), who concluded that “the
Wendland functions are ideal candidates for SPH smoothing kernels, in particular when

large Ny are desired”, which is the case of a shear flow.

2.3.4 Addition of an adaptive artificial viscosity

The addition of artificial dissipation terms to the code is fundamental in order to treat the
discontinuities properly. We already added artificial conductivity and we could see that
it played an important role in smoothing the discontinuity, so the next step is to add an
adaptive artificial viscosity (Monaghan and Gingold, 1983; Monaghan,|1992). The artificial
viscosity (AV) is fundamental to treat shocks properly due to it removes the post-shocks
oscillations and noise. But since we are dealing with ideal fluids, we don’t want artificial
viscosity where we don’t have shocks, that’s why it is so important an efficient switch that
switches on the viscosity where there are shocks and switches it off away from them. In
our version of Gadget we use the method explained in Beck et al| (2015), which adds a
term in the equation of movement of the form

N
1 m;

T2

visc j=1 pZ]

dv;
dt

—»' o fshear SlgV

Fij. (2.11)

6Later we are going to study how the results vary depending on the number of neighbours.
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In order to conserve the total energy, we need to compensate the work done against the

viscous force in the thermal reservoir by adding another term to the energy equation

N
du, 1 m; — — v shear . sig,v
T2 )3 P_j (0] — 0)° ag [ v Fy (2.12)
j=1 "

dt

visc
where p;; = (pi + p;)/2 is the symmetrised density, of; = (af + af)/2 is the symmetrised
viscosity coefficient, fehear = (fsheary gshear) /3 the symmetrised shear flow limiter and 5"
the pairwise signal velocity.

The purpose of the signal velocityﬂ (Monaghan, [1997) is to switch on the AV when two
particles are approaching (v - 7; < 0) and switch it off when they are not (vy; - 75 > 0).
It also determines the strength of the AV and measures the particle disorder
vjji-g"’: ¢ +¢j = Buij - Tij, Ui Ti <0 (2.13)

0, v - Tij >0,
where ¢® is the sound speed of the particle and [ is a pre-factor chosen to be g = 3.
The aim of the artificial viscosity is to act only in shocks and to be deactivated in shear

flows. In order to avoid a shear viscosity that could lead to bad results in simulations of

shear flows, Balsara| (1995]) suggested the shear flow limiter

fshcar - |v : Ull

= 2.14

with o; = 0.0001¢{/h; for numerical stability reasons. When there is a shock, the limiter
is dominated by |V - #|; and thus, e ~ 1, while if there is a shearing flow, the limiter
is dominated by |V x #]; and ffhear ~ (),

The calculation of the viscosity coeflicient o} is based on the switch suggested by Cullen

and Dehnen| (2010), which uses a shock indicator

1 N

Ri = — Z &gn(V . U)jmjVVij s (215)
Pi =
where sign(V - ¥); is negative and, therefore, R; >~ —1 when there is a shock. Nevertheless,

R; cannot distinguish between pre and post-shocks regions, so another parameter must

"Note that this signal velocity is not the same as the one explained for the artificial conductivity 1)
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be added. To determine the direction of the shock, this factor must depend on the time

derivative of the velocity divergence
A; = &max(0,—(V - 9),) (2.16)

where (V - 7); < 0 indicates a pre-shock region and (V - @); > 0 a post-shock region. &
indicates the ratio of strength of the shock and is given by
2(1 = R)4(V - 9)i[°

= . 9217
¢ 2(1 — RV - 0)i* + |V x ¥ (2.17)
Now we can define the target value o}°“" of AV as
h?A;
9% = Oy d (2.18)

When o/°“” is smaller than the current a?, we set the coefficient to o}°“’. When it is
bigger, we let of decay and we calculate it by integrating
sig

y loc,v v
v— [0V _qv) X 2.19
al (az 042> i ( )

where we set [ = 4.0 (Beck et al., 2015), which specifies the decay length of the AV.

If the artificial viscosity works properly, we shouldn’t see a significant difference in our
results if we compare them with the ones obtained in the previous section. After adding

the artificial viscosity to our code, we get the results shown in figure 2.5

t =3.00 t=4.00 t =6.00

Figure 2.5: Same images as in figure but after adding artificial viscosity to the code.

We cannot find a big difference between figures and [2.5] meaning that the switch

works fine. In order to see this effect in a more quantitative way, figure [2.6] shows the
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variation of the artificial viscosity with time for three different initial values of the artificial

viscosity.

—— Low initial AV
—— High initial AV
—— Super high initial AV

0.8

0.7

Bulk viscosity
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Figure 2.6: Change of the average artificial viscosity within the whole domain with time
for three different initial values: Low initial AV = 0.02; High initial AV = 0.2 and Super
high initial AV = 0.8.

The code successfully reduces the artificial viscosity to almost zero in a few timesteps
even if we start with a very high initial value of the artificial viscosity. This also explains
that we don’t see big differences between the run without artificial viscosity and the one

with it.

2.3.5 Addition of wake-up

In order to reduce the computational costs of the simulation, the particles are divided
in active particles and inactive particles. The former are faster, which require a shorter

timestep and hence, the quantities are calculated in the current timestep; while the quantities
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of the latter can be calculated with longer timesteps. The problem arises when an active
particle enters a region of inactive particles and these don’t notice its presence leading to
non-physical results. That’s why we implement the so called wake-up (Saitoh and Makino),
2009; Pakmor et al., 2012)). In each timestep, the timestep of every active particle is
re-computed using

_ch

At; = (2.20)

sig ?
i

where C' is the Courant factor and vfig is the maximum signal velocity. During the force
computation the code compares the signal velocities between the active particle and the

other particles within the kernel by evaluating

ViE < ful®, (2.21)

with f, being the tolerance factor (in our case f,, = 3). This can notice sudden changes in
the pairwise signal velocity and wake-up the inactive particle.

This tool is really useful in simulations with a big speed difference between the particles
(i.e. shocks), which is not our case. But in cosmological simulations we can have both
shear discontinuities and shocks, so it is important to test this implementation with our

setup to see whether it affects or it doesn’t change the results.

t=4.00

Figure 2.7: Same images as in figure but including wake-up to the code.

Figure [2.7] shows that the results don’t vary much from the ones without wake-up

(figures [2.4] and [2.5)).

After having tested the implementation described in Beck et al. (2015) of Gadget3

code compared to Gadget2 and, after having seen the improvement obtained with these
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modifications, we are going to keep this additional features for all the simulations from

now on, unless we specify something different.

2.3.6 Change on the number of neighbours

In section we switched the kernel and started using a Wendland C°® kernel with 295
neighbours for the computation of the physical quantities. We mentioned that using a
Wendland kernel allows us to use a higher number of neighbours and, therefore, obtain
better results. But what does ‘higher number of neighbours’ mean? We have used 295, but

could we have used 1507 And 3507 In this section we are going to run different simulations

varying the number of neighbours to see how this affects the results.

Figure 2.8: Comparison of the results at ¢ = 4 (top row) and ¢t = 7 (bottom row) for

different numbers of neighbours.

Analysing figure[2.§ we find a correlation between the number of neighbours employed to
calculate the hydrodynamic quantities and the growth of the instability. For 150 neighbours
we don’t even get the roll; for 200 neighbours we get a non-fully developed roll; while with
250 neighbours and above we can already get a reasonable shape of the roll. In order to
study this discrepancy in more detail, in the next chapter (3|) we are going to perform some

quantitative tests and try to extract some conclusions.
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2.4 Meshless Finite Mass

Throughout this project we have also tested this setup using a MFM scheme, also included

in Gadget. As we mentioned in section [1.3] MFM doesn’t need artificial diffusion and,
therefore, we haven’t performed all the tests we did with SPH, but we have tested directly

the difference in the kernels and the number of neighbours. For these tests we are going to

use a new and improved version implemented in Gadget (we will refer to it as OpenGadget-MFM)
and compare it with the version described in Hu et al.| (2014)) and [Steinwandel et al.| (2020])
(from now on, P-Gadget3-MFM).

2.4.1 Cubic spline kernel

In the case of MFM, since we don’t have the ‘Eq error’ problem (see section , in
principle we should be able to get satisfactory results with a low number of neighbours
and, therefore, there is no need of using a Wendland kernel. That is one of the reasons
why the cubic spline kernel is widely used with MFM in cosmological simulations (Davé
et all 2016; Hopkins et al., [2018). In this section we first compare the results obtained
with a cubic spline kernel and 32 neighbours with both codes, OpenGadget-MFM and
P-Gadget3-MFM. In figure we can see both results.

Both codes are able to develop the roll, something that didn’t happen with the SPH
code and a cubic spline kernel. Also, both simulations are able to mix the two fluids
successfully, as we would expect in this type of systems. Despite these improvements
with respect to the SPH code with a cubic spline kernel, we note that the simulation is
not symmetric due to some secondary instabilities triggered by numerical noise that grow
provoking the breakdown of the billow.

Comparing the two MFM codes, we find less secondary instabilities in OpenGadget-MFM
than in P-Gadget3-MFM, which indicates that there is less numerical noise, but still there
is no symmetric solution.

Since using 32 neighbours we don’t get successful results, the next step is to increase

the number of neighbours to 50 and see if there is an improvement. The results of both



36 2. Selection of the parameters

t=3.00 t 1.00 t= (]()
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Figure 2.9: Simulations with a cubic spline kernel and 32 neighbours with

OpenGadget-MFM (top row) and P-Gadget3-MFM (bottom row).

codes with 50 neighbours can be seen in figure [2.10}

Using 50 neighbours we can appreciate an improvement with respect to the results with
32, but some secondary instabilities are still produced, mainly with the P-Gadget3-MFM
code, but also with OpenGadget-MFM. This small instabilities triggered numerically lead
to a non-fully symmetric result.

Overall, we could say that, unlike the SPH code, the MFM codes with a cubic spline
kernel can develop the instability we are looking for. But although the roll is able to grow,
the numerical noise plays an important role in the growth of secondary instabilities pushing

away the simulations from the theoretical result.

2.4.2 Wendland C% kernel

An increase in the number of neighbours reduces the numerical error and improves the
results, so in this section we are going to switch the kernel to a Wendland C° kernel,

which allows a higher number of neighbours. As we did with SPH, we are going to use
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t=4.00 t=6.00 t=7.00

t=3.00

Figure 2.10: Results using a cubic spline kernel and 50 neighbours with OpenGadget-MFM
(top row) and P-Gadget3-MFM (bottom row).

295 neighbours and analyse if it improves the previous results. As before, we have run the
simulation using OpenGadget-MFM and P-Gadget3-MFM (figure [2.11)) to compare the

results with both codes.

There is a noticeable improvement with a smoother shape of the roll in both cases if we
compare them with the cubic spline run. Specially in the OpenGadget-MFM simulation
we can clearly appreciate the spiral of the billows, indicating a low diffusion, and a high
symmetry, showing that the numerical noise is well suppressed and can hardly develop
into secondary instabilities. If we compare both results we can also see that the roll of
P-Gadget3-MFM grows slightly faster than the one in OpenGadget-MFM, which will be
analysed later in chapter |3} The results with 150 neighbours can be seen in the appendix
Dl

Note that an increase in the number of neighbours also implies a larger number of
Riemann problems the program has to solve and, therefore, an increase of the computational

time. However, with the improvement seen in the results, the higher computational cost
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Figure 2.11: Colormaps of the density using a Wendland C°® kernel and 295 neighbours
with OpenGadget-MFM (top row) and P-Gadget3-MFM (bottom row).

can be worth, depending on the aim of the work.

2.4.3 Selection of the slope limiter

As in all Riemann-problem based methods, the slope limiter is fundamental in MFM
simulations in order to get realistic results. In every time-step, an average flux is computed
at the center of the cell, so in order to get a more accurate result on the interfaces, a
piece-wise linear reconstruction is needed. Then the discontinuity at the interface is solved
by a Riemann solver, but in order to do that, a gradient must be estimated (see the
estimation of the gradient in section . In the cases where the difference of a quantity
is too big, this estimated gradient can give unphysical results (e.g. a negative density).
In order to avoid that, we limit the gradient with a slope limiter such that the linear

extrapolations of the cell states to the cell interfaces do not introduce new extrema (Barth

land Jespersen, [1989). Once we have a slope limited gradient, we can now estimate the left

and right states adjacent to an interface by extrapolating from the center of the cell to the
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edges (Springel, 2014).

Since the choice of the slope limiter can determine the results we get, we want to
test different slope limiters. In the previous section we used OpenGadget-MFM with the
Springel slope limiter, introduced by |Springel| (2010), and now we are going to compare
those results to the ones obtained using also OpenGadget-MFM, but in this case with the
GIZMO slope limiter, introduced by Hopkins| (2015]).

The Springel slope limiter is defined as

(Vo); = a; (Vo), , (2.22)
where ¢ is the computed quantity and the slope limiter 0 < a; < 1 is calculated as

We take the minimum with respect to all the neighbours of 7. 1;; is defined as

(

(o5 — ¢i)/A¢ij . Agy > 0;
Vij = Q (" — i) /Adi;,  Adij < 0 (2.24)

17 A¢l] = 07

\
where A¢;; = (V@), - (fij — ;) is the estimated difference between the value at the centroid
fi; of the face and the center of the cell i, and @™ = max(¢;) and @™ = min(¢;) are the
maximum and minimum value of ¢ among the neighbours of 7 (including 7 itself).

In the case of GIZMO, the slope limiter «; in equation is given by

a; = min [1, B; min ( d)::: L fnn )] , (2.25)

)
i,mid ¢i ¢i — ¥i,mid

min
4,mid

where ¢j i and are the maximum and minimum values of the reconstructed ¢ at the
i-side of the interface between particles ¢ and j. If there is a good particle order and the
gradients are trust-worthy, we should use a more “aggressive” (larger value of ) limiter,
while if this is not the case, a more “stable” (smaller value of §) one is more appropriate. A

more stable slope limiter will lead to more diffusive results compared to a more aggressive
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one. After some experimentation, Hopking (2015) found the following expression for

B; = max {@mn, Bunaxmin (1 ]]:;fj )] : (2.26)
with Suin = 1, Bmax = 2 and Neonq being the condition number (see [Hopkins (2015))).

We ran the GIZMO slope limiter simulation both with a cubic spline kernel and 32
neighbours and a Wendland C° kernel and 295 neighbours in order to be able to compare
the results with the ones obtained with the Springel slope limiter (shown in figures and

2.11| respectively) and we show the results in figure m

t =3.00 t=4.00 t =6.00

f H 00 7* t24.00 3 t=6.00 t=17.00

@/@/\@@W
@\@\”@\@)\m

Figure 2.12: Results using OpenGadget-MFM with the GIZMO slope limiter with a cubic
spline 32 neighbours (top row) and a Wendland C°® 295 neighbours (bottom row).

In the case of cubic spline kernel with 32 neighbours, the result is similar compared
to the one obtained with the Springel slope limiter (top row of figure . In both cases
the secondary instabilities triggered by numerical perturbation evolve to a non-symmetric
system. With the GIZMO limiter we get a slightly larger amount of secondary instabilities,
but in any case, both results are non-symmetric at late times.

With the Wendland C® kernel and 295 neighbours there are some differences in the

results if we compare them with the ones obtained with the Springel slope limiter (top
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row of figure [2.11)). The roll with the GIZMO limiter evolves faster and, hence, the billow

pairing occurs at earlier times. Also, it appears to be more diffusive than the Springel

slope limiter.
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Chapter 3

SPH vs MFM

Once we have analysed how the different parameters we choose affect the results of our
simulations just by judging the shape of the roll, in this chapter we are going to compare
the results obtained with the SPH code and the ones obtained with MFM in a more
quantitative way. For this purpose, we are going to compare the measurements of different

characteristics of the rolls in each simulation.

3.1 Height of the billows

The first feature we are going to study is the height the roll reaches in each code. Ideally,
the initial perturbation initiates the instability and the amplitude of this instability starts
to increase approximately linearly until it saturates and, after it, decreases as each billow
pairs with the adjacent billows (Rahmani et al., 2014)). The height of the roll indicates
how good the code is to develop the KHI and, conversely, which code suppresses more the
instability and prevent its growth.

The way we computed the height of the billows is similar to the one employed in
Roediger et al.| (2013b). We focus only on the upper half of the domain (since the domain
is symmetric, we choose only the upper half and, therefore, the total amount of particles is

reduced by half). Then we mark every particle depending if they are “red” (denser fluid)
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or “blue” (lighter fluid) at ¢ = 0 so we can trace them later. Once we have marked every
particle, we divide the half domain in 100 parts (bins) along the y direction and calculate
the amount of “red” and “blue” particles in every bin for every snapshot. The top of
the billow will be the lowest bin where at least 95% of the particles are “blue”, while the
bottom will be the highest bin with at least 95% of “red” particles. Finally, we compute
the amplitude of the roll by calculating the distance between the top and the bottom of
the billow for every different snapshot. Figure (3.1 shows this procedure, where on the

left we have the individual particles identified as “blue” or “red” and the two yellow lines

indicating the top and the bottom of the rolls, while on the right we have the same snap,

D D

but in this case we have plotted the density.

5 C

Figure 3.1: Example at time ¢ = 5 of the way we computed the amplitude of the billows

where we show the particles with their initial “color” (left) and the colormap of the density

(right) indicating the top and bottom of the rolls with two yellow lines.

We followed this procedure for our SPH code (OpenGadget-SPH), as well as with the
two MFM versions (OpenGadget-MFM and P-Gadget3-MFM). In all the cases we are using
a Wendland C° kernel with different number of neighbours to see how the results change
depending on the number of neighbours used in the computation. We decided not to use

the data taken from the simulations with the cubic spline kernel due to the fact that, as we
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saw in the previous chapter, the Wendland C¢ kernel produces much better results than
the cubic spline. In figure |3.2] we can compare the heights of the billows for the different

codes and the different number of neighbours.
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Figure 3.2: Temporal evolution of the height of the rolls (left) and maximum height reached
depending on the number of neighbours (right). Note that in the left panel we are only

considering a sub-set of the simulations in the right panel.

The left plot of figure shows a general linear growth until approximately t = 75 HH
(the vertical dashed line), which is what we would expect for the ideal case. However,
despite we are trying to reproduce an ideal case, we have some intrinsic viscosity (see
section . This explains why it takes longer than ¢ = 7xpy for the instability to
reach the maximum amplitude. Each code has a different amount of numerical viscosityf]
which also explains why, for instance, the rolls simulated using P-Gadget3-MFM evolve
faster than the ones with OpenGadget-MFM, in agreement with the results of the previous
chapter.

Looking at the plot on the right, that shows the maximum height of the roll reached

'Remember that the KH time-scale of the ideal case with our initial conditions is 7x 5 = 3.39.
2This will be analysed in more detail in section
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by each simulation, we can see a poor performance of the SPH codes with a low number
of neighbours, as we already saw in the previous chapter. The SPH codes reach the
largest amplitude with 295 and 350 neighbours, while all the MFM codes perform similarly,
approaching an amplitude of ~ A/2; in agreement with the height suggested in |[Roediger
et al.| (2013b)). Despite the rolls simulated with P-Gadget3-MFM grow faster than the ones
using OpenGadget-MFM, they both reach a similar amplitude, meaning that the code

slows down the growth of the instability, but it doesn’t suppress it.

3.2 Growth of the velocities

Another way to quantify the growth of the KHI is measuring the rate of change of the
y-velocity component of the perturbation. The y-velocity grows exponentially with time
until the KH time-scale (see section . In order to study the growth of v,, we use the
discrete convolution suggested by McNally et al.| (2012) and also used in their analysis by
Obergaulinger and Aloy| (2020) to compute the amplitude M of the initially excited mode.

We have adapted the formula to our initial conditions, leading to

2m (242 2

s; = v,h? sin M exp .l |64 — y| (3.1)
A A
2 2 2

ci = vyh? cos (@) exp (—Tﬂ |64 — y|> (3.2)

2
d; = b3 exp (—% 164 — y\) (3.3)

M=o (%) ; (%) | (3.4)
Zi:l d; Zi:l d;

where h; is the smoothing length, A the wavelength of the perturbation (in our case A = 128)

and N is the total number of particles in the domain. For the computation of M we
used only one quarter of the full domain in order to take only one perturbation for the

calculation. The results of this computation are shown in figure (3.3
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Figure 3.3: Change of amplitude of the y-velocity with time for the different codes until

t= TKH-

We plotted the natural logarithm of the normalized y-velocity in order to see the linear
growth with time more clearly until ¢ = 75 y5. We can observe that at ¢ < 0.16 (¢t < 0.20
for the case of OpenGadget-SPH and 150 neighbours) the amplitude of v, decreases. This
is due to the loss of kinetic energy by moving along the y axis through a fluid flowing in
the opposite direction (Junk et al.,2010). In the case of a fluid with a higher viscosity this
loss of kinetic energy is more significant, which is the case of OpenGadget-SPH with 150
neighbours.

With this analysis, we can see the slower growth performed by OpenGadget-MFM that
we mentioned in the previous section and the faster growth of P-Gadget3-MFM. Focusing
on the results with SPH, we can see a correlation between the number of neighbours and
the growth rate of the y-velocity, with the simulation with 350 growing the fastest. This
difference in the growth rate can be also explained by the numerical viscosity of each code,

which will be studied in detail in section 3.6l
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3.3 Numerical noise

When we run simulations, we would like to keep the numerical error as little as possible.
The perturbations due to this numerical noise can grow exponentially, leading to a bad
performance of the code and, therefore, undesired results. We have already seen in section
how the numerical error can produce secondary instabilities that lead to a loss of

symmetry in our system.

In this section we want to measure the amount of numerical error produced by each code
and whether it is suppressed or it can evolve into spurious instabilities. To do so, we use the
same methods employed in the previous two sections to measure how fast the amplitude
of the billows grow and how the y-velocity changes with time because of the noise. While
with the latter method we measure only one mode of the perturbation (corresponding to
A = 128), this can still provide useful information.

In order to see if the numerical noise can trigger the instability, we are going to change
the initial conditions and, instead of adding an initial perturbation (see section , we
are not going to add any perturbation. By doing this, we know that any movement in the
y axis is seeded numerically and not by any initial perturbation (Rosswogj, [2015). In figure
[3.4 we can compare the amplitude and the growth of the y-velocity of the instabilities
triggered numerically for the different codes. In this case we also included the results with
the OpenGadget-MFM with a cubic spline kernel and 32 neighbours because we wanted

to see the amount of numerical error produced by this code.

The plot on the left shows an initial quick growth of the amplitude in the SPH codes
due to the artificial conductivity implemented in the code (this will be analysed in section
in more detail), reason why this doesn’t happen with the MFM codes. Apart from
that, the results using SPH and a low number of neighbours suppress pretty well the noise,
possibly due to their bigger amount of intrinsic viscosity (see section , while for a high
number of neighbours the instability can be triggered more easily. In the case of MFM,
the simulations using a lower number of neighbours let the instabilities grow more easily

than the simulations with 295 neighbours, which suppresses the numerical noise quite well
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Figure 3.4: Amplitude of the instabilities seeded numerically (left) and growth rate of
y-velocity if the instabilities triggered numerically (right).

and, hence, the amplitude of the instabilities remain small. This behaviour could already
be seen in section [2.4) where the runs with a lower number of neighbours couldn’t suppress
the secondary instabilities.

The growth of vyﬂ (right) for the case of SPH shows that the velocity in codes with
a lower number of neighbours barely increases, while with a higher number of neighbours
the growth rate is much faster. The results of the MFM codes indicate that in the codes
with a low number of neighbours the velocity increases faster, specially in the case of
OpenGadget-MFM with 150 neighbours. It is worth noting the great performance of
OpenGadget-MFM with 295 neighbours in suppressing the numerical noise.

The run with OpenGadget-MFM and 150 neighbours deserves some attention, not only
because of its bad performance in comparison with the other codes, but also because if we
plot the density colormap to see how the instability is triggered, we find some interesting
results. Usually, the numerical error generates perturbations of small wavelength that end

up generating small rolls that grow faster than the big ones (see equation and combine

3Note that in this case we haven’t plotted the vy in logarithmic scale.
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generating bigger rolls. However, in the case of OpenGadget-MFM with 150 neighbours
this doesn’t happen (see figure .

t=4.00 t=6.00

t =3.00 t=4.00 t =6.00 t=17.00

R D

— e G

Figure 3.5: Comparison of the growth of the perturbation from numerical noise for
the case of OpenGadget-MFM with a cubic spline and 32 neighbours (top row) and
OpenGadget-MFM with a Wendland C® kernel and 150 neighbours (bottom row).

The code successfully suppresses the perturbations of small wavelength, but a perturbation
of wavelength of A = 128 is triggered numerically and grows to generate a roll similar to the
ones we generated with the initial conditions explained in[2.2] If we compare these results
with, for instance, the ones obtained with OpenGadget-MFM with a cubic spline kernel
and 32 neighbours, we can clearly see the difference. As we have already explained, in the
case with 32 neighbours the instabilities produced by perturbations of small wavelength

grows faster.
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3.4 Conservation of energy

We can also analyse the performance of the different codes by studying how well they
conserve the energy during the simulation. Since we are reproducing a close system
with periodic boundary conditions, the total energy should be conserved in time. As
the simulation runs, the interactions between particles produce a loss of kinetic energy,
turning it into internal energy, but always conserving the total energy. To test this, we
first computed the mean kinetic energy per unit mass of the whole domain by summing
up the kinetic energy contributed by each particles and dividing by the total number of
particles, as well as the mean internal energy per unit mass of the system. In figure 3.6/ we
can see the evolution of the kinetic and internal energy of the system (normalized to their

initial value) for each code.
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Figure 3.6: Temporal evolution of the mean kinetic energy (left) and mean internal energy

(right) of the whole system.

As expected, the mean kinetic energy decreases with time, while the mean internal
energy increases, meaning that the kinetic energy of the particles is transformed into
internal energy. Again, the intrinsic viscosity plays an important role in turning the kinetic

energy into internal energy due to the friction between the particles. This can be seen by
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realising how the codes follow a trend similar to the ones we saw in sections and
where the simulation using OpenGadget-SPH with 150 neighbours had a slower growth
and P-Gadget3-MFM a faster growth of the roll.

However, this doesn’t give us enough information about the conservation of energy
performed by each code. To see how the codes conserve the energy, we sum up specific

kinetic and internal energy and plot the result in figure
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Figure 3.7: Conservation of energy per unit mass with time.

In the worst-case scenario, the variation of the energy is only of a 0.06%, which is
negligible in our simulations. If we analyse in detail, the worst performance is by the SPH
codes, which tend to increase the total energy of the system as well as OpenGadget-MFM
and 150 neighbours. The two simulations with OpenGadget-MFM have a jump at the
first snapshot, probably due to a mismatch between the set-up of the code and the initial
conditions, but despite this jump, the run with 295 neighbours maintains a constant energy
during all the simulation. In the case of P-Gadget3-MFM, the energy is well conserved at

every time.



3.4 Conservation of energy 53

We also computed the mean entropyﬁ per unit volume in order to see how it behaves
depending on the code employed. Since we have two fluids mixing, we would expect the
entropy to increase and, actually, that is one of the main reasons why SPH codes need an
artificial diffusion (see section . The variation of entropy is somehow a way to study
the degree of mixing performed by each code (we will see this in more detail in the next
section). In figure we can see the variation of the total entropy per unit volume for the

different codes.
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Figure 3.8: Variation of entropy per unit volume with time.

We can observe a very similar behaviour among the SPH codes, probably due to
the addition of artificial diffusion, which increases the internal energy (and therefore the
entropy) in a similar way in all the SPH codes. The increase of entropy within simulations

with the MFM codes is lower than with SPH codes, but still noticeable.

4When we talk about entropy, we are actually referring to the entropic function A lb
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3.5 Mixing of the fluids

An important result we want to know from these type of simulations, is the degree of
mixing of the two fluids due to the KHI. Although we already got an idea from figure [3.8
which indicates us that the SPH codes tend to mix the fluids more than MFM and, hence,
the increase of entropy is higher, in this section we want to study this effect in more detail.
We can divide the mixing of the fluids in two main processes, the diffusion and the mixing

due to the KHI.

3.5.1 Diffusion

The process of diffusion occurs due to the molecular movement of the particles and tends
to go from higher to lower concentration regions. In the case of MFM this process happens
automatically being the code intrinsically diffusive, while in the case of SPH we have to
add it artificially with the artificial conductivity explained in section 2.3.2] As we saw in
that section, artificial conductivity plays an important role in resolving discontinuities and
it is fundamental in reproducing the KHI.

Diffusion is the main mixing process at early times due to the fact that the roll hasn’t
formed yet. What diffusion does is to widen the fluid interface due to the random movement
of the particles and, therefore, in order to measure the amount of diffusion of each code,
we are going to analyse the thickness of the interface at early times. We divide the whole
initial density domain in 20 bins and we choose the bins with the highest and lowest density.
These are going to be our thresholds to consider if a particle belongs to the high density
part or to the low one (see left plot of figure [3.9). Now, for each snapshot, we are going
to take the positive values of y, divide them in 115 bins and compute the mean density
in each bin. Then we consider the width of the interface to be the distance between the
rightmost ‘dense’ bin and the leftmost ‘light’ bin (see right plot of figure .

In order to measure the diffusion produced by each code, we use the results of the
simulations without ad-hoc seeded perturbation (see section . Since we can already see

some instabilities growing at times ¢t > 2 in figure [3.4) we have calculated this diffusion
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Figure 3.9: Plot of density against y position at ¢ = 1.5, where the upper red dashed line
indicates the minimum density for a particle to be considered ‘dense’ and the lower red
dashed line the maximum density for a particle to be considered ‘light’ (left panel). Plot
of the density against y position for positive values of y at ¢ = 1.5, where the two vertical

red dashed lines indicate the width of the interface (right panel).

until t = 2 as we see in figure [3.10]

The diffusion in the SPH codes is higher due to the fact that it is added artificially,
while in the MFM codes the growth rate of the diffusion is lower. This could mean that
we add too much artificial diffusion to the SPH codes so, in order to control this, we use
a time dependent artificial conductivity (TDAC) which only takes place when needed (see
section . Figure shows how the results vary with the implementation of this
TDAC, where we used a Wendland C° kernel and 295 neighbours.

The rolls are much less diffusive than in the case with a constant artificial conductivity,
but the instability still grows. If we now compute the diffusion at early times as we did
before we get the plot we show in figure |3.12]

The SPH simulation with TDAC follows the path of the simulations using MFM, instead

of the ones with SPH. The artificial conductivity is reduced at early times, but as we can
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Figure 3.10: Measurement of the diffusion for the different codes at early times.

see in figure [3.11] the KHI is still able to grow and develop the desired roll. Although
the simulations without AC cannot reproduce the KHI (see section [2.3.1]), we plotted the
results without AC in figure just to make sure that the TDAC doesn’t reduces the

effect of AC to zero, but until the minimum necessary value.

3.5.2 Mixing due to the KHI

The effect of diffusion is more important in SPH than in MFM (see figure , but does
that translate into more mixing in SPH than in MFM? In this section we are going to test
this and, also, how the growth of the billow affects the mixing.

To do this analysis, we first plot a histogram of the density to see how it is distributed
through time (figure . These histograms tell us how the number of particles per bins
of density vary with time. Since we focus on the effect of the roll, we show only the results
att=6and t = 8.

In the case of OpenGadget-SPH code with 150 neighbours, a big amount of particles
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Figure 3.11: Results using a time dependent artificial conductivity with a Wendland C°

kernel and 295 neighbours.

remain at the left and rightmost bins and there are not many particles with densities in
between. This can be explained because the roll is not formed (see section [2.3.6)) and,
therefore, the two fluids are not mixed due to the KHI. With OpenGadget-SPH and 295
neighbours we can see much more particles in between with a peak of particles with a
density around 4.1 - 1078, This peak could be a consequence of the artificial conductivity
and this is likely why it is not seen in the MFM runs. Finally, for the case of the
simulations using MF'M, there is a similar behaviour in the two cases, where the particles are
uniformly distributed among the different densities, but there is still a considerable amount
of particles at the edges. We could expect this behaviour by looking at the colormaps in

figure [2.11] where we could see a lack of mixing compared to SPH.

In order to analyse this effect more quantitatively, we are going to compute the ratio
of ‘mixed’ particles/total particles through time. To do so, we set a low and high density
threshold (black dashed lines in figure , between which we consider that a particle
is mixed. This threshold is a 10% of the total difference between the two initial densities
above (below) the initial low (high) density, so every particle that is outside that region,
we consider that is not mixed yet because its density hasn’t changed by more than a 10%
from its initial value. Then we calculate the ratio of the particles inside this region and

the total amount of particles and get the ratio of ‘mixed’ particles with time (figure [3.14)).
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Figure 3.12: Measurement of the diffusion for the different codes at early times including the

results with a time dependent artificial conductivity (TDAC) and no artificial conductivity

(No AC).

Choosing a 10% for the threshold might be somewhat arbitrary, but we do not expect
that this value affects the general discussion. If we look at the plots of figure [3.14], we can
first see that, overall, the SPH codes tend to mix the fluids more than the MFM codes.
At early times, the mixing rate in SPH increases due to artificial diffusion and, in the case
that a roll is not formed (150 neighbours), the slope remains constant. In the case that
the roll is formed, the slope becomes steeper due to the mixing in the billow.

This result is also in agreement with section [3.5.1} at early times the mixing rate in
SPH is higher than in MFM. However, when the roll is formedﬂ we can see a steeper slope
for the MFM codes, which means that they start to mix the fluids more.

This analysis suggests that the mixing in SPH is mainly supported by artificial diffusion
although we see a contribution of the billow, while in MFM it is more supported by

SRemember that the KH time-scale is 7z = 3.39
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Figure 3.13: Histograms showing how the density is distributed among the particles for
the cases of OpenGadget SPH and MFM with 150 and 295 neighbours at t = 6 and ¢t = 8.

mechanical mixing due to the KH billow (Rahmani et al.| |2016). This is the reason why at
early times the mixing with SPH codes is steeper than MFM (see section [3.5.1]), but later,
when the mixing due to the billow takes place, the results with both codes have a similar

slope.

3.6 Intrinsic viscosity of the codes

In section [2.3.4] we explained that we needed to add some artificial viscosity to the SPH
codes in order to treat the discontinuities properly and, since this artificial viscosity is
useful mainly in shocks, we wanted to keep it close to zero in our simulations. We did
this using the switch explained in that section and we could see in figure how this
was successfully done by the code. In the case of MFM, the numerical diffusion comes up
from solving the Riemann problem between the particles, so we don’t have to take care of
the amount of artificial viscosity we add. However, despite the switch in SPH keeps the

artificial viscosity close to zero, we have some intrinsic viscosity that can be relevant in the
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Figure 3.14: Change of mixing rate with time for the different codes (left) and maximum
mixing rate depending on the number of neighbours (right). Note that in the left panel we

are only considering a sub-set of the simulations in the right panel.

results which should be reduced to zero (or almost zero). In this section, we are going to
measure the effective viscosity of the system for each code.

The effect of viscosity is to smooth out the velocity gradient between the two fluids by
momentum diffusion and, therefore, the more viscosity a system has, the more difficult it
is to develop the instability (this will be explained in section . This effect produces
that the velocity in the x direction is smoothed out with time following an error function,

as described in Roediger et al.| (2013b))

0(0) = lofert 35)

)
24/ l/t) ’
where the interface is set at y = 0, |v,,| is the initial z-velocity of one of the fluid{’| and

v is the kinematic viscosity of the system. From this formula we can see that, at t = 0

we have a discontinuity (the two fluids move with two different z-velocities and there is

6We assume that the two fluids have the same speed but in opposite directions, which is the case in

our initial conditions.
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a discontinuity in the y direction), but as soon as time passes, the z-velocity is smoothed
out.

In order to calculate the intrinsic viscosity of our codes, we are going to simulate our
two fluids without any initial perturbation, as we did in section [3.3] and we are going to fit
the analytical function to our data at different times and with the kinematic viscosity
as a free parameter. To do so, we use only the top half of the full domain and we displace
it to set the interface at y = 0. We then divide the half domain in 127 bins and compute
the mean z-velocity of each bin. Now we can plot the mean value of v, depending on y and
fit the analytic formula to the data leaving v as a free parameter. As discussed in section
3.3, at late times some perturbations can grow due to numerical noise and the two flows
are not parallel to the interface anymore, that is why we decided to do the fit only until
t = 4 to avoid spurious results. Finally, we calculated the average value of the four fits in
order to get a value for the viscosity for each code. The results are shown in figure 3.15]

These results are in agreement with the ones in the previous sections and explain the
behaviour of the codes in the different tests. OpenGadget-SPH with 150 is the code with the
largest amount of intrinsic viscosity and, as soon as we increase the number of neighbours
in the SPH code, we get less viscosity. The codes with 250, 295 and 350 neighbours have
a very similar viscosity. This could mean that there is a minimum numerical viscosity
that the SPH codes can reach. In the case of the MFM codes there is a big difference
between OpenGadget-MFM and P-Gadget3-MFM. The P-Gadget3-MFM code has much
less intrinsic viscosity than the OpenGadget-MFM code and, although this doesn’t affect
the height of the billow (see section [3.1)), it affects its growth rate (see section [3.2).
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Figure 3.15: Fit to the data from our simulations with the analytic formula

the intrinsic kinematic viscosity of the different codes.

to calculate




Chapter 4

Physical viscosity

So far, all the analysis made and the results discussed were always using inviscid fluids,
but this is not a realistic way to describe actual fluids. In reality, fluids are viscous and
the amount of viscosity of the fluid can determine its properties and behaviour. In this
chapter, we will introduce viscous fluids and quantify how previous results change when
the assumption of inviscid fluid does not hold anymore. We are going to implement a
Braginskii viscosity as described in Sijacki and Springel (2006) and perform the same tests
we did in previous sections to analyse how this physical viscosity affects the growth of the

KHI.

4.1 Theory behind the physical viscosity

To describe theoretically the Braginskii viscosity, we start from the equations of hydrodynamics
derived in section [L.1] and add the additional terms that account for the effect of the

viscosity. For this derivation we follow |Landau and Lifshitz| (1987).

The continuity equation doesn’t change when we add viscosity, so it remains the same
also for viscous fluids, whereas the Euler equation and the heat transfer equation are

altered.
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4.1.1 Navier-Stokes equation

Viscosity adds an additional force to the particles due to the friction between them and,
for that reason, the momentum of the particles changes. This change is included in the

momentum flux density tensor (1.14]) as
ix = pvjvy + 0P — oige (4.1)

where o), is the viscous stress tensor defined as

9u
al'l '

O =1 (6’1}1 (%k 2 81)[ (42)

IR 551%) GO

The second term on the right-hand side is the bulk viscosity term, where ( is the bulk
viscosity coefficient. We can see that it only depends on the divergence of the velocity,
which means that it only becomes relevant when we have a rapid compression or expansion
of the fluid, i.e. shocks. The first term on the right-hand side is the shear viscosity term
and 7 is the shear viscosity coefficient (dynamic viscosity), which was derived by Braginskii

(Braginskii, [1958; Braginskii, 1965|) for a fully ionized, unmagnetized plasma as:

L/25/2

m
= 0.406-—~——— 4.3
" (Ze)*In A’ (43)

where m; is the mass of the proton, 7T; is the temperature of the plasma, Ze is the ion
charge and In A is the Coulomb logarithm.

We can now write the equation of conservation of momentum with the additional
term given by the viscosity as

8% s 8?% - _aP 4 aO'ik
P\ ot "oxr) 0z, | Oz

(4.4)

8vi+ ov; __8P+i 8vi+8vk_gd% n 0 % (4.5)
P\ot T %0r. ) T om0 |\ 0z | 0z 3%%0, oz, \°oz, )\

Both n and ( are positive and functions of the temperature and pressure and, since

these two vary along the fluid, n and ( cannot be taken off the partial derivatives. If the
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two coefficients are constant, we get the Navier-Stokes equation, which in vector form is

written as:
plap + (V)| = =VP+qVT+ (4 5n ) V(V-0) . (4.6)

If we rewrite equation in Lagrangian form, we get

dv 1 V.o
VP = 4.
dt+pv P (4.7)

with ¢ being the viscous stress tensor (4.2). We can clearly see how the friction due to

viscosity can be understood as an extra force affecting the movement of the particles.

4.1.2 Heat transfer equation

In this case, we start from the equation of conservation of energy in ideal fluids (|1.22):

20— v fpetP) 7). (43)

The change of the total energy of the fluid (left-hand side) must be always the same, but
the energy flux density (right-hand side) doesn’t. The internal friction also generates a
flux, which we describe as v/ - 0. If the temperature is not constant, there is also a heat
transfer due to thermal conduction, which is given by kVT, where k is the coefficient of
thermal conductivity (Landau and Lifshitz) |1987)). If we add those terms, the general heat

transfer becomes

0
(;te) =—-V-[(pe+ P) ¥ —7-0—krVT]. (4.9)
We can also write the heat transfer equation in terms of entropy doing some algebra
dpe) _ - 5 7
5 = —v-V(pe+P)—(pe+P)V -0+ V- (V-0)+ V- (kVT) (4.10)
d(pe) . " "
e —v-V(pe) —0-VP —(pe+ P)V -0+ V- (U-0)+ V- (sVT) (4.11)
d(pe)

P =—0-VP—peV - =PV -9+V-(U-0)+V-(VT) (4.12)
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dp d
ed—f+pd—j — G- VP —peV -7~ PV -7+V - (7-0)+V - (kVT). (4.13)

Now we can use the continuity equation ((1.27)) with the first term and replace the second
term with e = v?/2 + u.

i d
—epV~17+p17d—1)+pd—;L = VP —peV - T— PV -5+ V- (5-0)+ V- (kVT). (4.14)

We can substitute the time derivative of v with the first law of thermodynamics ((1.36)) and

after cancelling out some terms, we get

dv ds Pdp
r— 4+ pI—+—-L=_—¢.VP—- PV -0 (U~ : T). 4.1
pvdt—i—p dt+pdt v-V V94V (0-0)+V-(kVT) (4.15)

If we use the continuity equation with the third term on the left-hand side, we can write

the previous equation as

aw  d
pﬁd—erpTd—j—PV-U:—U-VP—PV-17+V-(17-0)+V-(/<VT). (4.16)

We can again cancel out some terms and make use of the rule V-(¢-M) = ¢-(V-M)+M : Ve,
where c is a vector, M is a tensor and “” is defined as A : B = tr(AT - B) = tr(A - BT).

47 d
pﬁd—:m:rd—j:—ﬁ-vp+a-(v-a)+a;vmv-(w:r). (4.17)

Next step is to multiply the equation of conservation of momentum (4.7)) by ¢ so it can be
written as
_dv

va:—U-VP—HT(V'o). (4.18)

Plugging this into equation 4.17, we can cancel out the first and the second terms on the

right-hand side and get the general equation of heat transfer in terms of entropy:

d
pTd—i =0 :Vi+ V- (kVT) (4.19)
and in index notation
ds ov;
T— =o0jp—— . T). 4.2
pTo =0 P + V. (kVT) (4.20)
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On the left-hand side we have the variation of the entropy multiplied by pT'. ds/dt is the
rate of change per unit mass as the volume moves throughout the fluid, T'(ds/dt) is the
amount of heat gained by this unit mass per unit time and p7T'(ds/dt) is the quantity of
heat gained per unit volume. At variance with the ideal case where the variation of entropy
was zero, in this case the amount of heat gained comes from the energy dissipated into
heat due to viscosity (first term on the right-hand side) and the heat conducted into the
volume (second term on the right-hand side) (Landau and Lifshitz, 1987)).

4.1.3 Implementation

For the numerical implementation into SPH we use Greek letters («, 3, ) for the components
of the particle and Latin letters (i,7) for the different particlesﬂ We can discretize the

viscous stress tensor (4.2)) as velocity gradients and velocity divergence as

ov Ovg v, v
sl =0 = | -2, 0o —2L| 4.21
7o), n(@xﬂi+8xai s >+< ﬁf)xWi (4.21)
where for the computation of the gradient in SPH we use
OV, S
oy | = ij 3 =), (Vi (. 1)) (4.22)
and for the divergence of the velocity we employ what we defined in section [I.2}
o Ov, .
(v, = ij 5 =), (VWi (. k), - (4.23)

For the implementation, we make a difference between the acceleration due to shear

viscosity and the one due to bulk viscosity. For the shear viscosity:

dva
dt

p;

Z [771 an/o” (VWi (r, 1)) ‘B N n; o Bl 5 (v, Wi (r, hi)) )5] , (4.24)

i, shear

where the product of 7 and o gives the shear part of the viscous stress tensor.

'We use the same notation as in |Sijacki and Springel (2006).
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For the case of the bulk viscosity, it is calculated using

dva
dt

m;

N

pi p]

i, bulk j=1
As we have already explained, the friction due to viscosity causes an increase in the

entropy. Using equation |4.20] we can write the increase of the entropy as

ds 1 ov;
= Zgag—2 4.2
dt  p Tk Oxy, (4.26)

where we can write oy Ov; [0z, as

ov; ov;, (Ov; Ov, 2. Oy ov; . Oy

Ukaxk n@xk (6’xk + ox, 3 k@m) <6’xk k@:cl ( )
ov; 1 ov;  Ou, 2. o\’ ov; Ou;
h— = — — — =0 —_— 4.28
g k@xk 277 <8xk + Jor; 3 k8$l) Ox; Ox; ( )
31),- . 1 2 )
We now use the entropic function ({1.60))
A 1 — 1 oy O,

dA(s) v Tds v o 0V; (4.30)

oAt p Omy]
so the contribution to the increase of the entropy in the case of the shear and bulk viscosity
is implemented in the code as

dA;
dt

LG gy (4.31)

-1 .
bulk P; Pi

= — o
shear 2 p;’yil pl ’ dt

If we want to write it in terms of the ratio of change of internal energy, we have

dui
dt

1 n; 2 duz
g
shear 2 pZ dt

_ 4 (V-u)?. (4.32)

bulk Pi

4.2 Results

After having explained how the physical viscosity is implemented in our SPH code, we

perform different tests in order to analyse how this Braginskii viscosity affects the growth
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of the KHI. In this section we show the results we obtained for different amounts of viscosity
and compared to the results obtained without physical viscosity.

As we already mentioned, since we don’t have shocks in our simulations, we set the
bulk viscosity coefficient ( to zero and we work only with a shear viscosity. This affects
all the particles in our domain, adding an additional friction and slowing them down (see
section . We are interested in studying how different amounts of viscosity affect the
system microscopically and, to do so, we are going to take fractions of the shear viscosity
coefficient n . This way we can vary the amount of dynamic viscosity applied in each
run and compare the results.

Since the physical viscosity has been implemented only in SPH, all the simulations
made were using OpenGadget-SPH with a Wendland C° kernel and 295 neighbours, so it’s
easier to compare. We assumed for the fluids a constant temperature of 3-107 K, which is

inside the range of temperatures in the intracluster medium (ICM).

4.2.1 Growth of the KHI

Here we are going to show the density colormaps of different runs to see how the growth
and shape of the rolls change depending on the amount of viscosity of the fluids. This can
be seen in figure [4.1

From these results we can already see that with a large amount of viscosity the instability
is suppressed and we don’t get the roll up], but as soon as we decrease it, the instability
appears and grows with higher amplitude. For the case of a viscosity of § = 1047, we get

a similar shape to the ones we got without physical viscosity (see figure [2.7)).

4.2.2 Numerical description of the growth of the KHI

From figure [4.1) we can see that the viscosity clearly affects the growth of the KHI, but how
much is it affected? In order to study the effect that physical viscosity has on our results,

we run 11 different simulations with 11 different fractions of Braginskii viscosity. Table

2This is explained in section
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Figure 4.1: Results of the growth of the KHI using different amounts of viscosity at ¢t = 4

(top row) and at t = 7 (bottom row).

4.1| shows the 11 different fractions with the corresponding value of the dynamic viscosity
in internal units and in physical units (g-cm™!-s7!), as well as the corresponding value of
kinematic viscosity (v).

Note that the kinematic viscosity is defined as
v=—, (4.33)

which means that it’s different depending on the density of the fluid. Since we have two
different fluids but the dynamic viscosity is the same for both of them, in our analysis we
have computed the kinematic viscosity using the mean value of the two densities.

For the quantitative study of the simulations we perform the analysis made in sections
and 3.2l With these two analysis we are able to study the growth of the KHI depending
on the amount of viscosity employed. In figure 4.2] we can see how the amplitude of the
billows varies depending on how much viscosity we add (left plot) and how it also affects
the rate of change of the y-velocity (right plot).

The amplitude is reduced when the fluids are more viscous due to the fact that the
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Fraction | 7 (g-em™'-s7!) | i (Internal Units) | v (Internal Units)
10~ 0.029 1.379 - 1077 2.938
2.5-1074 0.072 3.449 - 1077 7.345
5-1074 0.144 6.897 - 1077 14.690
7.5-107* 0.216 1.035-107° 22.035
1073 0.288 1.379 - 107° 29.380
1.5-1073 0.432 2.069 - 1076 44.071
2-1073 0.576 2.759 - 1076 58.761
2.5-1073 0.720 3.449 -107¢ 73.451
5-1073 1.441 6.897 - 1076 146.902
7.5-1073 2.161 1.035-107° 220.354
102 2.882 1.379-107° 293.804

Table 4.1: Different amounts of viscosity employed in our simulations.

friction between particles reduces the kinetic energy (see section causing the KHI to
not develop. This means that we will have no instability at all for the simulations with
the highest viscosities. At early times we can see some increase of the amplitude due to
the mixing of the fluids thanks to the thermal conduction, but after this, the amplitude

doesn’t grow anymore.

Also, if we look at the rate of growth of y-velocity, we can see the effect already
mentioned. Due to friction, there is a point where the y-velocity, instead of increasing
exponentially, decreases exponentially. This is the reason why the instability doesn’t

develop above a certain viscosity threshold. This will be analysed in section [4.4]

It is important to note also that the results with no viscosity and with 7 = 107%p
are really similar. This means that such an amount of physical viscosity is too low to be
relevant and the system is governed by the numerical viscosity. Actually, if we compare
the results of the intrinsic viscosity obtained in section and the theoretical physical

viscosity in table 4.1] we can see that the numerical viscosity of the code is higher than
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Figure 4.2: Amplitude of the simulations with different viscosities (left) and rate of growth

of y-velocity depending on the amount of viscosity (right).

the physical viscosity, which can explain why both results are so similar.

The correlation between the amplitude of the billow and the viscosity is really important
in order to get an idea of the amount of viscosity of a system. By measuring the amplitude
of the rolls, we can estimate the suppression it’s suffering and, therefore, the amount of
viscosity of the system. For instance, rolls of different amplitudes can give a hint of how

viscous the ICM is.

4.3 Measurement of the viscosity

In table we can see the theoretical amount of viscosity we are implementing in the
code, but is that the effective viscosity we are working with? In order to see the actual
viscosity used in our simulations, we do the same analysis we made in section [3.6] but this
time we have a theoretical viscosity to compare with. As we have already explained, the
more viscosity we have, the more the velocity gradient between the two fluids is smoothed

out. We can clearly see this effect in figure 4.3 where we compare the x-velocity profile



4.3 Measurement of the viscosity 73

for two different viscosities: 77 = 107y and / = 1072 7.
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Figure 4.3: Comparison between two models assuming different values of physical viscosity:

x-velocity profile at t =0,t=1,t =2 and t = 3.

Figure [4.3| shows how the physical viscosity smooths out the velocity gradient between
the two fluids. This is what we used in section [3.6| to measure the intrinsic viscosity of the
codes and what we are also going to use here for the Braginskii viscosity.

We proceed the same way we did in section [3.6; we simulate the two fluids without
perturbation in the y-axis and use equation to fit the function to the data for different
times leaving v as a free parameter. In this case, since the viscosity suppresses the growth
of numerical instabilities, we decided to use up to ¢t = 5 to compute the kinematic viscosity.
Here we only show three plots (figure , the rest of them can be found in appendix

We get fits with smaller deviation among different times for lower viscosities, while
the fits predict values which are more different from one another for higher viscosities
(compare e.g. right and left panel of figure . By doing this we can compute the actual
viscosity that is taking place in our simulations, which is not exactly the same as the one
we implemented. We can now redo table adding the actual values of the kinematic
viscosity we have just computed (table .

We can see a big discrepancy at high values of the viscosity, but up to 7 = 2.5- 10737
we can see a good correlation between the theoretical value and the computed one. Note

that up to this value, the errorsﬂ are quite low (9% at 7 = 2.5-10737), while at higher

3The errors are calculated dividing the absolute error by the value and multiplying by 100.
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Figure 4.4: Fit to the data from our simulations with the analytic formula to calculate

the physical kinematic viscosity for the different simulations (additional plots in appendix

m).

viscosities the error is higher (24% at 7 =5-107%n).

In order to see the correlation between the theoretical (input) value and the actual
(from the fit) value of the viscosity for the different runs, in figure |4.5| we have plotted the
viscosity we obtained numerically versus the theoretical one. Since they are expected to
be the same, the data should follow a linear relation with the intercept at y = 0, so we
fitted our points to a linear function, but we discarded the last three values of table

due to their high error and discrepancy.

We can clearly see a linear trend with a slope of 1.0119 £ 0.0003, meaning that the
growth is what we could expect, but an intercept of 3.5+ 0.5, which means that there is a

systematic shift. This systematic increase can be due to the intrinsic viscosity of the code,

which takes place in addition to the implemented physical viscosity. [Sijacki and Springel

(2006)) already stated that we still need the artificial viscosity, even if the physical viscosity
is implemented, meaning that the effect of the artificial viscosity is noticeable along with

the physical viscosity.
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Fraction | 7 (g-em™'-s71) | /) (Internal Units) | v (Internal Units) | Actual v (Internal units)
1074 0.029 1.379- 1077 2.938 5.69 £0.31
2.5-107* 0.072 3.449 - 1077 7.345 10.15£0.21
5-107* 0.144 6.897 - 1077 14.690 18.20 £ 0.32
7.5-107* 0.216 1.035- 1076 22.035 26.32 £0.34
1073 0.288 1.379- 1076 29.380 34.30 £ 0.39
1.5-1073 0.432 2.069 - 1076 44.071 49.47 £ 1.40
2.1073 0.576 2.759 - 107¢ 58.761 63.6 £ 3.7
2.5-1073 0.720 3.449 - 1076 73.451 76.1+6.9
5-1073 1.441 6.897 - 1076 146.902 122 £ 29
7.5-1073 2.161 1.035-107° 220.354 149 £ 53
1072 2.882 1.379-107° 293.804 166 £ 72

Table 4.2: Different amounts of viscosity employed in our simulations with the actual

viscosity computed.

4.4 Viscosity threshold

In section we mentioned that there is a viscosity threshold above which the KHI does
not develop anymore and, in this section, we are going to estimate which is this value. In
section 2.1 we derived the growth of the KHI with viscosity, but that is only true for a steady
background flow (Jv, /0t = 0), which applies only to low values of the viscosity. For higher
values of viscosity, we cannot assume a steady background flow anymore (Qv, /0t # 0) due
to the fact that the viscosity smooths out the z-velocity gradient. Therefore, we cannot get
an analytical solution and we need to make different assumptions to estimate this viscosity
threshold. To do so, we follow |Roediger et al. (2013b), where they estimate three different

values of the threshold depending on different assumptions.

For the numerical value of this threshold, we use the right plot of figure 4.2l In this

plot we can see how there is a certain value of viscosity where the slope changes from
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Figure 4.5: Linear fit to our data to see the correlation between theoretical and effective

values.

being positive (increases exponentially) to negative (decreases exponentially). This is the
value for which we consider the KHI to be totally suppressed and, therefore, our viscosity
threshold. In figure we plot the y-velocity for the lowest viscosity where the slope is
positive and the highest one with a negative slope. Then we fit a linear function to the data
to see if it’s indeed increasing or decreasing. To do this, we used the data from ¢t = 0.15

on in order to avoid the decrease explained in section at early times.

By looking at figure we can see that the viscosity threshold calculated numerically
is between ) = 1.5- 1072y and /) = 2- 1073 7. In terms of kinematic viscosity this means
that the threshold is inside a range of v = 44.071 — 58.761, which corresponds to an actual

viscosity in our simulations of v &~ 49 — 64.

For the first estimate, just like Roediger et al.| (2013b]), we use the fact that the physical

viscosity smooths out the velocity gradient over a length +d above and below the interface.
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Figure 4.6: Linear fit to the y-velocity growth rate in order to see an exponential increase

or decrease.

And, as demonstrated in |Chandrasekhar| (1961), the KHI is suppressed for wavelengths

smaller than ~ 10d. We make use now of the diffusion length I, = £21/v ¢, which measures
how much the interface gets widened by diffusion at time t. If we take into account that
in the inviscid case, it takes t = 7xpy for the instability to grow, we can calculate the
width of the interface at that time and see if the instability is able to grow or not. If
A < 10lp(t = 7k p), the KHI will be suppressed and, otherwise, it will grow. So using the
definition of T (equation [2.5), we get

A< 1OZD(7-KH) = 20\/VTKH (434)

— <
100 =7 Av, (p1 p2)t/?

A Avx (pl )02)1/2
400 (p1+p2)

If we plug our values in, we get a critical viscosity of vc, = 12.07, which is below what

(4.36)

V > Vcrit =

we calculated numerically. However, as Roediger et al.| (2013b)) state, the interface is being
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smoothed out continuously and, therefore, comparing the wavelength of the perturbation
with the diffusion length at ¢ = 75y is somewhat arbitrary.

For the second estimate, we assume that the effect of the viscosity dominates when
the viscous dissipation time-scale, which is given by 7, = d?/v, is shorter than the KH
time-scale T y. As mentioned before, the KHI is suppressed if A < 10d, so we can write d

as d = A/10. Now if we compare both time-scales, we get

TKH > Ty (4.37)

A (p1+ p2) %
Av, (p1p2)t/? = 100v

(4.38)

A Avm (Pl 102)1/2
100 (p1+pa)

Under these assumptions, the critical value of the viscosity is four times bigger than before,

(4.39)

V > Vcrit =

leading to vy = 48.27. This threshold correlates much better with our results and lies in
the middle of the range of values we mentioned before.

Finally, we made a third estimate assuming that the instability is suppressed if, when it
reaches its maximum height, the width of the z-velocity gradient is bigger that the height
of the roll. The roll usually reaches a height of A/2 at t = 7y (see figure [3.2), so this
means that at ¢ = 7y the width of the z-velocity gradient must be larger than A/2

A
§ < lD<7—KH> = 2\/VTKH (440)

A2 A (p1+ p2)
A A\ T P2 4.41
16 = Avg (p1p2)72 (4.41)
1/2
V> vy = AU (p1p2) (4.42)

16 (p1+p2)

This gives us a value of v¢,y = 301.70, which is too large for our simulations. This can be
due to the fact that we assumed that the maximum height is reached at ¢t = 7x g, while if

we see figure [3.2] it is reached at later times. This would decrease our estimate.
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With the values given by these estimates, we can see that the results we obtained
for the viscosity threshold are in agreement with what we have estimated. In any case,
these estimates were made using very general and ideal assumptions and we cannot take
the exact value we got. However, we can appreciate how our results are in keeping with

theoretical expectations.

4.5 Conservation of energy

As we did with the inviscid case, we also want to see how the energy varies with time for
the different runs with different amounts of viscosity. Nevertheless, the purpose here is
totally different. In section [3.4] we wanted to analyse how the different codes were able to
conserve the energy. Here what we want to know is how the physical viscosity affects the
internal and kinetic energy, how well the total energy is conserved and how the increase of
entropy changes depending on the amount of viscosity.

The effect of viscosity is to add friction between particles: as a consequence, the particle
velocity decreases and so does the kinetic energy. The kinetic energy that is dissipated is
turned into internal energy and the total energy is conserved. This effect can be seen in
figure [.7]

For higher values of viscosity, there is more friction between particles and more kinetic
energy is turned into internal energy. We now sum up the two values in order to get the
total energy. As we have already explained, since we are in a close system, the kinetic
energy is transformed into internal energy, but the total energy should be conserved. We
can see this in figure [4.8

Surprisingly, the runs with the physical viscosity implemented conserve much better
the total energy compared to the run without physical viscosity. Even the case with

i) = 10~%n which behaves similarly to the case without physical viscosity (see sections

14.2.1] and [4.2.2)), conserves much better the total energy compared to the SPH codes where

the physical viscosity is not implemented (see figure .

Finally, if we analyse how the entropy varies with time, from equation [4.31] we can
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Figure 4.7: Temporal evolution of the mean kinetic energy normalized to the initial value
(left) and mean internal energy normalized to the initial value (right) of the whole system

for different amounts of viscosity.

see that the rate of change of the entropy increases for higher values of the viscosity. To
validate this, figure 4.9| shows the variation of entropy with time for different models with
different viscosities.

We can observe that there is a higher entropy growth rate for simulations with larger
viscosity. For the most viscous runs, the slope is steeper at the beginning and it flattens
with time, but this is not the case for the least viscous runs. In the latter cases, we can
see how the slope is rather steeper at later times than at early times. This can be due to
the fact that viscous fluids cannot develop a roll and, therefore, all the mixture is done by
diffusion. The more time passes by, the less difference of concentration we have between
the two fluids and, therefore, the rate of mixing decreases (the slope becomes less steep).
For the runs that develop the roll, at first the mixing is not so important because the
viscosity is lower and they are less diffusive, but then the fluids mix due to the billow of

the KHI and the entropy of the system increases faster, leading to a steeper slope.
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Figure 4.8: Conservation of energy per unit mass with time for different amounts of

viscosity.
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Chapter 5

New Initial Conditions

Throughout this project we have used the KHI to test different codes, parameters and
viscosities, but in order to trigger the instability we have always used the same initial
conditions. What if the results are highly dependent on the initial conditions we use? In
this last chapter we are going to trigger the KHI from different initial conditions and study
the dependence of the code on the initial conditions employed.

We are going to use the initial conditions suggested in Read et al.| (2010), which consist
of periodic boundary conditions defined by Az = 1, Ay = 1 and Az = 1/32 and the

domain satisfies:
pl;Tlavl |y| < 0.25

p, T v, = . (5.1)
p2, To,va |yl > 0.25

The densities and temperatures ratio R, = p1/p2 = 15/} is equals to two, same as in the
initial conditions given by Beck et al.| (2015). Since no particular density or temperature is
specified, we use the same densities and temperatures we were using (p; = 6.26 - 10~ and
p2 =3.13-1078; Ty = 2.5-10% and Ty = 5- 10°). No z-velocity is specified either, but they
set a mach number of My = —vy/cy &~ 0.11 and M; = Mz\/R_p ~ 0.15. Due to the fact
that the mach number is given by the z-velocity and the speed of sound, but the speed
of sound is given by the temperature, we set the x-velocities to v; = —26 and v, = 26 in

order to fulfil the value of the mach numbers.

The perturbation that triggers the instability is produced at the interface between the
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two fluids, at ym, = £0.25 and is given also by equation [2.4] In this case the wavelength
of the perturbation is A = 0.5, the scale parameter o is the same as in Beck et al.| (2015),
o = 0.2) and the initial amplitude of the perturbation is dv, = |v,|/8 = 3.25. A summary

of all the differences can be seen in table 5.1l

Box Size Uy vy (eq. [2.4 Mach Number
A =128
Vg, = —40 o =02\ M, ~0.23
Beck et al| (2015) || 256 x 256 x 8
Vgy = +40 | vy = |v,]/10 =4 M, ~0.17
Yint = +64
A=0.5
Vg, = —26 o =0.2\ M; =~ 0.15
Read et al.| (2010) || 1 x 1 x 1/32
Vgy = +26 | 0V, = |v,|/8 =325 | My~0.11
Yint = +0.25

Table 5.1: Differences between the initial conditions from [Beck et al.| (2015) and the ones
from Read et al.| (2010)).

Note that, since we have modified the wavelength and the z-velocity, the dynamical
timescale of the perturbation has also been affected (see equation . The new growth
time of the KHI is 75 = 0.0204. In order to compare the results with the ones obtained
in the previous sections, we are going to express the times as function of 7xy.

We are going to follow the same procedure as in previous chapters, doing first a
qualitative comparison between the results using the different initial conditions and then

a more quantitative comparison.

5.1 Differences on the shape

For this first qualitative comparison, we show the density colormaps at different times

obtained with the new initial conditions in order to compare the shape of the roll with
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the old ones. In this case we simulated only the OpenGadget-SPH code with 150 and 295
neighbours to study the difference in using two different number of neighbours. Figure 5.1
shows the results of simulating the KHI with the Read et al.| (2010) initial conditions with
150 and 295 neighbours.

Figure 5.1: Results with the Read et al.| (2010) initial conditions with 150 neighbours (top

row) and with 295 neighbours (bottom row) at different times.

For a reliable comparison, the times of the different snaps of figure [5.1| correspond to
the same times in terms of 7xy of figure (t=3,t=4,t=06and t = 7). Note that
there is a shift between the top and the bottom rolls due to the way the initial conditions

are built.

Whereas the results with 295 neighbours are similar to the ones shown in chapter
where the roll develops properly, the results with 150 neighbours show an improvement
compared to the ones obtained with the Beck et al.| (2015)) initial conditions (see figure
. This time the roll can partially develop in contrast to the results shown in chapter

[2, where the roll was nonexistent.
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5.2 Numerical differences

Figure [5.1| shows some discrepancies in the results obtained with the two initial conditions,
specially in the case of 150 neighbours, so in this section we are going to analyse this in
more detail.

The way we are going to study these differences is comparing the amplitudes and the
growth rate using the methods explained in sections and [3.2] Figure [5.2] shows the
results for the amplitude (left) and the growth rate (right) for the Beck et al|(2015) (solid
lines) and the Read et al. (2010]) (dashed lines) initial conditions.
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Figure 5.2: Temporal evolution of the height of the rolls (left) and evolution of the
amplitude of the y-velocity (right) for the Beck et al. (2015) initial conditions (solid lines)
and the Read et al. (2010)) initial conditions (dashed lines) with 150 and 295 neighbours.

In agreement with the qualitative analysis, the instability triggered with the Read
et al| (2010) initial conditions can grow faster and reach a higher amplitude compared
to the instability triggered with the Beck et al| (2015)) initial conditions in the case of
150 neighbours. The maximum amplitude reached is twice the amplitude reached with

the old initial conditions. With 295 neighbours, the height of the billow with the old
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initial conditions gets slightly larger, but it grows slower than the one with the new initial
conditions.

The initial decrease of the amplitude of the velocity (see section occurs slightly
before with the Read et al| (2010) than with the Beck et al. (2015) initial conditions,
probably provoked by the shift of the perturbation that leads in the shift of the rolls shown

in figure |5.1}

5.2.1 Initial y-velocity amplitude

The different initial conditions lead to differences in the results for the growth and shape
of the KHI. In order to see the main difference that leads to the discrepancy in the results,
we are going to modify some of the Read et al.| (2010) initial conditions to see how the
results change.

First we are going to keep the same initial conditions, but modifying only the amplitude
of the perturbation. We are going to set the initial amplitude of the y-velocity to dv, =
|v|/10 = 2.6. By reducing the initial y-velocity, we would expect a slower growth of the
roll and a smaller maximum height.

Figure shows a comparison between the results obtained modifying the initial
y-velocity and the ones obtained with the original set-up. The results don’t vary much
compared to the initial y-velocity of v, /8, but we can note that the velocity grows slightly
faster, which is surprising considering that the initial amplitude of the velocity is smaller.
The amplitude reached with 150 neighbours is the same in both cases, while with 295, the

maximum amplitude is larger with a higher initial velocity of the perturbation.

5.2.2 Mach number

Another difference in the initial conditions is the different Mach numbers. In this section
we are going to set the same Mach number in both initial conditions but we keep the rest of
the things untouched. In order to set the same Mach number, we are using the [Read et al.

(2010) initial conditions but with v, = £40. As a result of this change in the z-velocity,
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Figure 5.3: Temporal evolution of the height of the rolls (left) and evolution of the

amplitude of the y-velocity (right) for the Beck et al. (2015)) initial conditions (solid lines)

and the Read et al.| (2010) initial conditions (dashed lines) with a modified initial y-velocity

(blue and green lines) with 150 and 295 neighbours.

the KHI growth time is reduced to 74y = 0.01326, but since the results are normalized to

the growth time, we have no problem in comparing the results (figure [5.4)).

With a higher Mach number, figure [5.4] shows that the case with 150 neighbours can
successfully reproduce a roll with a height close to A/2, while for the case of 295 neighbours,

the amplitude reached is even higher than using the Beck et al. (2015)) initial conditions.

Nevertheless, the amplitude with 295 neighbours doesn’t grow linearly, indicating that
there are some secondary instabilities going on. If we focus now on the growth of the

y-velocity, with a higher Mach number the run with 150 neighbours grows faster, while in

the case of 295 neighbours there is not a big difference with the original |[Read et al.| (2010])

initial conditions.
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Figure 5.4: Temporal evolution of the height of the rolls (left) and evolution of the

amplitude of the y-velocity (right) for the Beck et al. (2015)) initial conditions (solid lines)

and the Read et al| (2010)) initial conditions (dashed lines) with a modified initial Mach

number (blue and green lines) with 150 and 295 neighbours.

5.2.3 Initial y-velocity amplitude and Mach number

Finally, we run the simulations with the two modifications together in order to compare the

results with the ones we obtained with the actual Read et al.(2010) and Beck et al.|(2015])

initial conditions. In this case, since the x-velocity is the same as in the previous section,
the KH time-scale is 7y = 0.01326 again. The results with these initial conditions are

shown in figure 5.5 together with the results with the actual |[Read et al. (2010) and
(2015) initial conditions.

By adding the two modifications to the Read et al| (2010) initial conditions, the

results in the amplitude (left plot in figure [5.5)) are similar compared to the ones obtained
modifying only the Mach number, meaning that the modifications produced by the change
of the Mach number are more relevant than the ones by the initial y-velocity. The rate of
growth in the case of 150 neighbours is also similar to the previous result, while in the case

of 295 neighbours the y-velocity grows faster.
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Conclusions

In this work we have analysed the performance of both SPH and MFM codes in reproducing
the KHI varying the parameters used to compute the physical quantities. Additionally,
we performed different tests in order to study the properties of each code and how they
affect the results obtained with the KHI. Once we had compared the codes with different
parameters, we studied the effect of physical viscosity in the KHI simulations with the SPH
code for different amounts of viscosity. Finally, we analysed how the initial conditions used
for triggering the KHI influence the final results by comparing the original initial conditions

we were using with new initial conditions.

In the SPH code we found that a correct treatment of the discontinuities in shear flows
is fundamental for mixing processes and, therefore, the implementation of an artificial
conductivity is needed. In order to reproduce the KHI, we had to increase the number
of neighbours used for the computation and, to do so, a switch to a Wendland C® kernel
was required to avoid the pairing instability and get satisfactory results. We also tested
the addition of an artificial viscosity, which should be kept to zero in shear flows, with
very positive results, as well as the addition of wake-up to the simulations. We found
that a low number of neighbours (< 250) can affect negatively our results in terms of the
shape of the roll, so choosing the correct number of neighbours can determine whether
you reproduce the KHI successfully or not. In the case of MFM we used two different
codes: OpenGadget-MFM and P-Gadget3-MFM. We tested a cubic spline kernel with
32 and 50 neighbours, finding that we could get the roll of the KHI but the secondary

instabilities produce the breakdown of the billow in both cases. Nevertheless, using a
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Wendland C° kernel the secondary instabilities were suppressed and the shape of the roll
was satisfactorily achieved with both 150 and 295 neighbours using OpenGadget-MFM,
while we still got some secondary instabilities with P-Gadget3-MFM. We also tested the
performance of OpenGadget-MFM with two different slope limiters, finding that with the
GIZMO slope limiter the roll evolves faster than with the Springel slope limiter, but with
satisfactory results in both cases.

After a first qualitative analysis of the performance, we did a deeper quantitative
comparison of the codes. We found that the numerical viscosity produced intrinsically
by each code can determine their performance in the simulations. The SPH codes with
a low number of neighbours have a high intrinsic viscosity, while above 250 neighbours,
a minimum intrinsic viscosity is reached. The OpenGadget-MFM code has more intrinsic
viscosity than the SPH codes with a high number of neighbours, but less than the SPH
codes with a low number of neighbours, while the P-Gadget3-MFM code happens to have
the lowest intrinsic viscosity. The effect of the intrinsic viscosity is noticeable when
measuring the amplitude of the rolls, leading to small amplitudes in the SPH codes
below 250 neighbours and with a maximum amplitude reached with 295 neighbours. The
performance of the MFM codes is very similar with 150 and 295 neighbours. By analysing
the growth of the y-velocity, we could see that the intrinsic viscosity produces that the
growth in the runs with a low number of neighbours in SPH codes is slower than the cases
with a high number of neighbours. In MFM, although the amplitude is not affected by
the intrinsic viscosity, the higher viscosity in OpenGadget-MFM produces that the rate
of growth is slower than in the simulations performed by P-Gadget3-MFM. Despite a low
intrinsic viscosity allows the instability to grow more easily, it also allows the numerical
noise to trigger spurious instabilities. This doesn’t happen in the cases of SPH below
250 neighbours and OpenGadget-MFM with 295 neighbours, which are able to keep the
numerical noise low. We also measured the degree of mixing due to the KHI in each
code, concluding that the overall mixing is higher in SPH due to the artificial diffusion.
This artificial diffusion takes place mainly at early times, where the mixing is significantly

higher in SPH than in MFM, but at later times, where the mixing is produced primarily
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by the KHI billow, the mixing rate is similar in both schemes. By studying the energy
conservation of the codes we could see that, in general, all the codes are able to conserve
the energy of the system, specially the P-Gadget3-MFM codes.

Overall, the simulations with SPH are very sensitive to the number of neighbours
employed. A low number of neighbours could lead to unphysical results, while a simulation
with a number of neighbours above 250 (specially 295) is able to reproduce the KHI
satisfactorily. The results with MFM are not dependent on the number of neighbours
employed above 150, but the case with OpenGadget-MFM and 295 neighbours is able to
keep the numerical noise low while at the same time reproduce the KHI successfully.

After the analysis of the different codes, we run several simulations with physical
viscosity in the SPH codes with 295 neighbours. We added different amounts of viscosity
in order to see how the results varied depending if the fluids were more or less viscous.
We found that the viscosity can affect significantly the results, leading from the total
suppression of the instability in very viscous fluids, to no apparent effect in the cases
with a low viscosity. By varying the amount of viscosity employed in the simulations, we
found a threshold below which the instability is fully suppressed. This threshold, calculated
numerically, was in agreement with three different estimates we made based on very general
assumptions. We also measured the effective viscosity of the fluids, finding that the actual
viscosity of the system is not only the physical viscosity implemented in the code, but it
is slightly higher. This probably means that the effective viscosity of the simulation is an
addition of the physical viscosity plus some effect due to the intrinsic viscosity of the code.
We also found that the runs with physical viscosity tend to conserve better the energy
than the runs without physical viscosity.

Finally, we performed some analysis with SPH varying the initial conditions in order
to see how this could affect the results. The runs with 150 neighbours are very sensitive
to modifications of the initial conditions, while with a higher number of neighbours (295
in this case) there are still some changes, but the overall behaviour remains similar. From
these simulations we could also conclude that the runs with a higher Mach number tend to

produce higher rolls even with a low number of neighbours. The consequences of varying
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the Mach number happened to be more relevant than changing in the initial y-velocity of
the perturbation. Finally, despite we run the simulations with the same initial perturbation
and same Mach number than our original initial conditions, we could still see big differences
in the behaviour of the runs, meaning that the size of the domain can play an important

role in the results.
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Appendix A

Derivation of the dynamical

timescale for the KHI

The growth time of the KHI is defined as

_2r 2r (ptpr) A (it ) (A1)
w  kAv (prop)V? Avg (- p2)'/? '

TKH

where w is the frequency, k the wavenumber, Av, the difference in velocities of both fluids
and p the densities of both fluids (Agertz et al., 2007).

To derive equation we are going to get the dispersion relation following Landau and
Lifshitz (1987)). To do so, we assume two layers of an ideal fluid moving one with respect
to the other in the z-axis. For simplicity, we choose the reference system where one of
them has zero velocity (v,, = 0, v,, = v). Now we consider a small perturbation (v’) in

(kx—wt)

the y-velocity (perpendicular to the surface) proportional to e’ . This perturbation

satisfies the following system of equations for ideal fluids:

o'’ , VP
E‘f‘(U'V)U—— P (A.3)

Since v only has z-component, we can rewrite equation as

o' o’ VP




2 A. Derivation of the dynamical timescale for the KHI

If we take the divergence in both sides, the left side is zero because of equation [A.2], which

means that P’ satisfies the Laplace’s equation:
V2P =0. (A.5)

Due to this perturbation, the pressure will change following a similar formula to the

eilkz=wt) {Jsing equation

velocity, also proportional to e!**=“Y 5o we define it as P’ = f(y)
[A.F], we get that the function f(y) satisfies d? f /dy?—k2f = 0 and if we solve this differential
equation we get that f(y) = C'e**¥ where C is a constant. If we consider the upper part

of the system (positive values of y), we get that the pressure in the upper part follows:
P = O ¢ilho=wt) g=ky (A.6)

If we now substitute this expression in the y-component of equation we getlfl

k P|
r 1
v, = Tl —w) (A.7)

We now introduce the displacement in the y-axis due to the perturbation as { = ((x,t),
which derivative is the rate of change of the displacement for a given x. So, the derivative
can be written as

,_d¢C_acor 9C 9 o

T TR TR P TE (A-8)

where the total derivative of the displacement with time corresponds to the y-velocity of

the particles of the fluid. Since the displacement is also proportional to e?**=“Y equation

becomes v, = i (kv — w). If we now equalize equations and A8, we get

_Cpl UW_W)Z .

P = .

(A.9)

On the lower part (negative values of y), we get a similar formula, but this time v =0
and a different sign due to the fact that we have e*t*¥ instead of e™*¥, so the pressure for

the lower layer is given by

2
W
P e (A.10)
k
1 : : i(kx—wt — —
Note that v;, is also proportional to e ( ), so v, /0t = —iw v, and Jv, [0z = ik vy,

2 Although the case where w = kv can occur, it’s not of interest here due to the fact that the instability

can only grow for complex values of w.



The system must be in pressure equilibrium, which means that P| = Pj, therefore we

get that p; (kv — w)? = —pow?. This gives us the dispersion relation we were looking for
+ i/
W=k L VALP2 (A.11)
p1+ p2

We get a complex w, where we can distinguish between the real and the imaginary part

k k
wpe = —2P1_ iy = VPP (A.12)
P1+ p2 p1+ p2

kz—wt)

Taking into account that the growth of the perturbation is given by el , it will only

grow exponentially with a positive imaginary part (Springel, [2014]). Therefore, the growth

time of the instability is

_2r 2w (p1 + p2)
TKH = —— = 7———F——

WIm kv vV P1 P2 ’

which is the expression we wanted to derive.

(A.13)
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Appendix B
Pairing instability

In figure we can see the effect of the pairing instability. In this run we used a cubic
spline kernel with 295 neighbours.

Figure B.1: Effect of the pairing instability in our simulations at t = 3, t =4, t = 6 and
t="1.
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Appendix C

Wendland C° kernel with 160 and
175 neighbours

Here we can see the results for running the code with a Wendland C° kernel and 160 and
175 neighbours. As mentioned in section [2.3.6 we can see a difference in the results when
we change the number of neighbours. In this case, neither 160 nor 175 neighbours can

develop the roll.



8 C. Wendland C° kernel with 160 and 175 neighbours

t=6.00

Figure C.1: Wendland C° kernel with 160 and 175 neighbours at ¢t = 3, t = 4, t = 6 and
t="1.



Appendix D

MFM code with a Wendland €Y
kernel and 150 neighbours

Here we can see the performance of the MFM and a Wendland C° kernel with 150
neighbours for both cases: OpenGadget-MFM and P-Gadget3-MFM.

Figure D.1: Comparison of the results of OpenGadget-MFM and P-Gadget3-MFM both
with a Wendland C° kernel and 150 neighbours.
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D. MFM code with a Wendland C¢ kernel and 150 neighbours




Appendix E

Kinematic viscosity

Here we have the rest of the plots of the fit to our data using function in order to

compute the value of v for every simulation.
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E. Kinematic viscosity
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Figure E.1: Fit to the data from our simulations with the analytic formula 3.5 to calculate

the physical kinematic viscosity for the different simulations.
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