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Abstract: Reconstructing the pressure from given flow velocities is a task arising in various applications, and
the standard approach uses the Navier—Stokes equations to derive a Poisson problem for the pressure p. That
method, however, artificially increases the regularity requirements on both solution and data. In this context, we
propose and analyze two alternative techniques to determine p € L2(Q). The first is an ultra-weak variational
formulation applying integration by parts to shift all derivatives to the test functions. We present conforming
finite element discretizations and prove optimal convergence of the resulting Galerkin—Petrov method. The
second approach is a least-squares method for the original gradient equation, reformulated and solved as an
artificial Stokes system. To simplify the incorporation of the given velocity within the right-hand side, we assume
in the derivations that the velocity field is solenoidal. Yet this assumption is not restrictive, as we can use non-
divergence-free approximations and even compressible velocities. Numerical experiments confirm the optimal
a priori error estimates for both methods considered.
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1 Introduction

In fluid systems, using the velocity field to compute the pressure is a task with established relevance for both
theory and applications. For example, this can be used in fractional-step solvers to update the pressure from
a previously computed velocity [11], or in clinical practice to estimate arterial pressure from imaging-based
velocity measurements [15]. The most popular approach to solve this inverse problem is the so-called pressure
Poisson equation (PPE) obtained from the divergence of the Navier-Stokes momentum equation. Of course,
applying the divergence increases the regularity requirements on both the unknown pressure p and the given
velocity u, imposing numerical challenges. In fact, standard (weak) variational formulations for the PPE require
continuous pressure and smooth velocities for conformity, which poses practical limitations [4, 13]. In this con-
text, we introduce here an ultra-weak (often called very weak [3, 6]) variational formulation for the PPE, and
conforming finite element methods for its discretization. The first and perhaps only time an ultra-weak for-
mulation has been mentioned — yet not analyzed nor discretized — for the PPE was in an article on pressure
boundary conditions [17]. Apart from that, ultra-weak formulations are normally either used for merely first-

*Corresponding author: Olaf Steinbach, Institut fiir Angewandte Mathematik, TU Graz, Graz, Austria, e-mail: o.steinbach@tugraz.at
Douglas R. Q. Pacheco, Department of Mathematical Sciences, Norwegian University of Science and Technology, Trondheim, Norway,
e-mail: douglas.pacheco@alumni.usp.br



2 —— D.R.0.Pacheco and 0. Steinbach, Optimal Pressure Recovery DE GRUYTER

order boundary value problems [8] (where standard Lagrangian finite element spaces can be used), or handled
as a mixed system to circumvent smoothness requirements on the test space [3]. Our idea, on the other hand,
is to work with more regular test functions, which allows us to stay with a standard L? requirement for the
pressure. A rare example of such a type of discretization is a recent work on hyperbolic problems [10].

Alternatively to the ultra-weak framework, we also discuss a least-squares approach to find p € L*(Q) with-
out deriving a Poisson problem, i.e., considering the original gradient equation for the pressure. The idea is to
construct an operator equation that is realized by solving an artificial Stokes problem. Both approaches consid-
ered here require the same regularity on the pressure, but are analyzed and realized in very different ways.

Onadomain @ ¢ R", n = 2 or 3, with Lipschitz boundary I' = 2, the model problem considers the momen-
tum equation

Vp=f+vAu inQ, @D

where u is a given velocity field, v is the fluid viscosity, and f is a given vector. This can be seen as a general
flow setting, since f can include not only external forces, but also velocity-dependent terms stemming from the
flow equations (e.g., convection or acceleration terms). Moreover, most applications consider an incompressible
flow, that is,

divu=0 inQ. 1.2)

Here we will use (1.2) to simplify the evaluation of the vector Laplacian in (1.1). Afterwards we can use non-
divergence-free (finite element) approximations of the velocity, or even consider compressible velocities from
the beginning (with an appropriate form of the viscous term).

The pressure recovery problem considers u as given, so we do not seek to solve the system composed of (1.1)
and (1.2); instead, we wish to use those equations to find the pressure p. Yet, since (1.1) is vector-valued and p
is a scalar, we get an overdetermined system when applying standard discretization schemes. This motivates
using least-squares approaches.

2 The Pressure Poisson Equation

2.1 Weak Formulation

The classical technique to find p is the pressure Poisson equation. Although it can be set up by deriving a Poisson
equation for p, an equivalent formulation is to minimize the quadratic functional

1
d(p) = 5IVp — f — vhullj, ). @1
Its minimizer is found as the solution p € H 1(Q) of the variational formulation
ij-qux: J(f+vAu)~qux forall ¢ € H'(Q). 2.2)
Q Q

The pressure p is only unique up to an additive constant, hence we use the scaling condition p € L(Z)(Q), that is,
p € L*(Q) satisfying
I pdx = 0. 2.3)
Q
While standard variational formulations for flow problems consider (u, p) € H L(Q) x L%(Q), formulation (2.2)
requires more regularity, i.e., (u, p) € H*(Q) x H'(Q). This restricts the possibilities for discretizing the solu-
tion p and the data u. In biomedical applications, for example, the velocity u is often a first-order interpolation
of imaging data, in which case the vector Laplacian in (2.2) cannot be approximated [4]. Even if we had only
first-order terms, e.g., (Vu)u as in an Euler flow, the fact that u is a piecewise linear interpolation limits the
pressure convergence to linear, regardless of the polynomial order used for py, (see [1]). Motivated by these lim-
itations of the weak PPE, we propose an ultra-weak formulation that allows piecewise constant approximations
for the pressure and less regular data.

Note 1:

Red parts indicate
major changes.
Please check them
carefully.
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2.2 Ultra-Weak Variational Formulation

The idea is to replace q¢ € H'() in (2.2) with more regular test functions ¢. This allows applying integration by
parts, giving us

jpan(p dsy + Jp[—A(p] dx = J(f +vAu) - Vo dx.
r Q Q
Requesting 8,0 = 0 on T yields

J pl-Ap]ldx = J(f +vAu) - Vo dx. (2.4)
Q Q
For the velocity term, we use (1.2) and integration by parts to write

j Au-Vodx = J[V(div u) — curl(curl u)] - Vo dx
Q Q

- J[curl(curl u)] - Vo dx
[curlu] - (ny x Vo) dsy — I[curl u] - [curl(Vq)] dx
Q

(curlu) - (nx x Vo) dsy,

)
)

which holds for both n = 2 and n = 3, with the appropriate definitions of the curl and the cross product. Note
that in the above derivation we consider the exact solenoidal velocity, which later on can be replaced by a non-
divergence-free approximation. Finally, we include the zero mean pressure condition and obtain an extended
variational formulation: find p € X := L%(Q) such that

g!p[ Apldx + — 0] dexg!(pdx:if~V(pdx+rj(vcurlu)-(nxxV(p)dsx 2.5

issatisfied forallp € Y:={¢p € H&(Q) : 00 = 0 on I'}, where

HY(Q):={p e H'(Q): Ap e LX(Q)}, Q] = j dx
Q

Unique solvability of the ultra-weak variational formulation (2.5) is based on an inf-sup stability condition for
the bilinear form

a(p, o) ::Jp[ Apldx + — 0] dequ;dx, peX, peV.
Q Q

While the norm for p € X = L%(Q) is obvious, for ¢ ¢ Hl(Q) an equivalent norm is

2
1912 01,0 = IVOIZ: g, + IQ|<j<odx).
Q

For ¢ € Hi(Q) we therefore define the norm

2
19121 ) = 1901 g lm(j«pdx) 1801 g

At this time we recall Poincaré’s inequality: for all u € H*(RQ), there holds

J[u—ug]2 dx < cpJ|Vu|2 dx, ug= ﬁmjudx, (2.6)
) ) 2
which is equivalent to
2
Juz dx < |;2—|<Judx) +ij|Vu|2 dx. @7
2 2 )
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Now we are in a position to state an equivalent normin Y c Hi(sz), namely,

2
1
191 = 18912, 0, + @Q 0(0) dx) .
Q

Lemma 2.1. The norm |||y defines an equivalent normin' Y c HJ, i.e., there hold the norm equivalence inequal-
ities
1
max{l + cp, 1+ cp~1}

1911 g, < 1015 < N9l o) forallg e Y.

Proof. While the upper estimate is trivial, it remains to prove the lower bound. For ¢ € Y we have, when
applying Green’s first formula and using 8,9 =0on T,

IVl g = JV(/) Vo dx = J 0,0 dsy + J[—A(o]q) dx
2 r 2

- j[—Acp]q) dx < 100l 19l12(0)-
Q

Now, using Young’s inequality for some y > 0 and the Poincaré inequality (2.7), this gives

1 1
IVOIZ2q) < 1801120 I9llr2(0) < zyllﬂfﬂllizm) + Ellq’llizm)

1 111 2
2 2
< V180l g) + 5 [IQI(J(de> +CPJ|V(/J| dx].
2

In particular, taking y = cp results in

2
1
2 2
"V(p”LZ(Q) < CP”A(p”LZ(g) + M(i (P dx) s

and hence 5
1
19121 ) = 1901 gy + @(j 0 dx) + 18012 q,
2
1) 1 : ,
< 1+ il J(pdx +| 1+cp 180l
1)1 : )
<max{l+cp,1 * I @dx ) +A¢l7:q
o]
follows. O

For (p, ¢) € X x Y we now have, using Holder’s inequality,

a(p, ¢) = Jp[—A¢]dX+ il jdedeX
Q Q

< Iplz@llAgllzz) + = 9 Jp dx J @ dx
Q

1 2491 1 211
Q Q

< V2lpliz@lloly, 2.8)

that is, boundedness. We can now state unique solvability of the variational problem (2.5).
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Theorem 2.2. Let(u,p) € H Q) x L(Z)(Q) satisfy (1.1) and (1.2). Then the pressure p € L*(Q) is given as the unique
solution of the extended variational formulation (2.5), which satisfies the scaling condition (2.3), that is, p € L(Z,(Q).

Proof. For p € L*(Q) we consider the splitting

px)=pox)+0, 0= IQIdeX Jpodx:o,
Q

where we have

IPIEsy = [ 97 @ = [0 + 0 dx = [1poo)? ax+ 20 [ poax + 01e?
Q Q Q Q

that is,
2
2 2
T T (j pdx) |

Let ¢ € H'(Q) be the unique weak solution of the Neumann boundary value problem

-Ap=py InQ, 0,0=0 onT, J(pdx:dex.
Q Q

Then
ap, o) = Jp[ Apldx + — 0 jpdxj(pdx
Q Q
1 2
J[Po+Q]P0 dx + |Q|<dex>
o 2
1 2
= [ pol? dx s @Gpdx) = Ipi
Q
2
- [raorax+ o erdx - o}
1] Y
Q
implies

a(p, ¢) = Iplzlely,

and therefore the inf-sup condition

Iplrze) < sup a(p, 9) forall p € LX(Q) (2.9)
0zpey l@lly

follows. On the other hand, for0 + p € Y ¢ Hi(sz) we first compute

1
a= dx,
] J ¢

then define p = —Ag + a € L*(Q). For this particular choice we obtain

a(p,<0)=jp[—Aw]dH@JPdXprdx
Q Q

=S![—Aco+a][—A<p] dx + & J[ Ag +a] dxg!(pdx

j[A(p] dx + |;2| (J godx)2

Q
= lloll§ >0,
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where we have used
IA(DdXz Jan(oxdsx =0 forpeVY.

Q r
Hence, we have that all assumptions of the BabuSka—Brezzi theorem are satisfied, see, e.g., [7], and therefore
unique solvability of (2.5) follows. In particular, for ¢ = 1 we finally conclude the scaling condition (2.3). O

2.3 Ultra-Weak Finite Element Methods

Let Xj, = span{lpk}f:’:1 c X = L*(Q) be the space of piecewise constant basis functions ¢, defined with respect
to some admissible decomposition of Q into finite elements 7 of local mesh size hy, and with global mesh
size h = maxk-1,. n hk. For simplicity we assume that the mesh is globally quasi-uniform, that is, hx ~ h for all

.....

k=1,...,N.Then the finite element variational formulation of (2.5) is to find py € X}, such that
Jph[—A(ph] dx + & Iph dxj opdx = Jf -Vondx + J(v curlu) - (ny x Vop) dsy (2.10)
Q Q Q Q r

is satisfied for all ¢y, € Yy, where the finite element space Y, c Y remains to be specified. At this time we assume
dim Yy, = dim X}, and the discrete inf-sup or Babuska-Brezzi-Ladyshenskaya condition

a b
Cslpnlrz) < sup apn, ¢n)

for all p, € Xp,. (2.11)
oroney,  lonlly

Using standard arguments, see, e.g., [7], we conclude unique solvability of the Galerkin—Petrov scheme (2.10), as
well as Cea’s lemma

Ip — pPrlrz) < ¢ Inf lp - qnllz2(0), (2.12)
qn€Xn

and hence the a priori error estimate

Ip — pullz) < ch®Iplas) (2.13)
when assuming p € H¥(Q) for some s € [0, 1]. In particular, for p € H'(Q) we obtain linear convergence for
a piecewise constant approximation pp.

It remains to define a suitable test space Yy, = span{q)k}’,f:l c Y such that the discrete stability condition
(2.11) is satisfied. For a given ¢y € Y, we define p), = Qu[-A@n] € X as the piecewise constant L? projection
satisfying

Jﬁhqh dx = J[—Agoh]qh dx forall gy € Xp. (2.14)
Q Q
In particular, for g = 1 € X}, this gives

jﬁh dx = J’[—A(ph] dx = - I On@ndsx =0.
Q Q T

From (2.14) we immediately conclude the stability estimate

IPpllzze) < 1A@rl2(g),
which holds for any choice of the finite element test space Y. We now assume that Y}, is chosen in such a way
that also the reverse inequality
1Prllzz) = ¢y, 1A@nllzz(e) (2.15)

is satisfied for a positive constant cy, < 1. Possible choices will be discussed at the end of this section.

We now define

prn(x) =pp(x)+a e Xp, a= |£12_| I on dx,
Q

which also implies

a:ﬁmj.phdx, Jphdx:j(phdx.
Q Q Q
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With this we compute, using (2.15),

a(pn, on) = jph[—Acou dx+ — jph dquoh dx
Q Q Q

= jﬁh[—A(Ph] dx + — Jph dqu)h dx
Q Q

©

2
J[ph]zdx+ @(Jphdx)
Q Q
241 241
2 _ 1 2
[uphuLz lgl(jphdx)] [Ilph||%2(9)+@(é[phdx>]

2 1 sl 2 1 ok
zcyh[||A<ph||L2(g)+@(j<oh dx) ] [uphan lgl(jph dx) ]
Q

= cy l@nllylpnllzz),
which implies the stability condition

a )
cy,llonlly < sup a(qn, 9n)

for all pp, € Y. (2.16)
02qnexy 1qnllzzg)

For ¢ € Y we can therefore define IT5¢ € Yj as the unique solution of the variational problem
a(qn, Une) = a(qn, @) forall gy € X, (2.17)

where unique solvability follows from dim X, = dim Y} and (2.16). The latter also implies, together with (2.8),

V2
Mhely < —leoly. (2.18)
Cy,

With this we can prove the discrete stability condition (2.11) via the criteria of Fortin [9], with cs = %
It remains to define the finite element test space Y, c Y such that (2.15) is satisfied with a positive con-
stant cy, independent of the discretization parameter h.

2.4 Tensor-Product Meshes

Since Xy, is defined as the space of piecewise constant basis functions, we find the coefficients p; = pjl¢, of
D € Xnas 1
Pi= J[—A(ph(x)] dx fork=1,...,N.
k

Tk

We first consider the one-dimensional case where the computational domain Q = (0,1) is decomposed into

N finite elements 7x = (Xx_1, Xx) of mesh size h = 3, i.e.,, xx = kh for k=0,1,...,N. For a finite element
Tk = (Xk-1, Xx), k=1, ..., N, the piecewise constant ba51s function ¥y is defined as
1 for x e (Xx_1, Xx),
Yr(x) =
0 else.
For the definition of a conforming test space Yy ¢ Y we use piecewise quadratic B-splines, i.e,fork=2,...,N-1,
; 7 (= X2 for x € [Xk—2, X1],
11,
|1 — [8h* = (2X = Xp-1 — xp)*] for X € [Xp—1, Xx],
ok =17 ’; 2.19)
Eh_(x Xk+1)? for x € [Xk, Xk+1],

=)

else,
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e1(z) on ()

pa(z)  ps()

Zo

z

T2 T3 TN

Figure 1: Illustration of the smooth, piecewise quadratic functions used as basis for the one-dimensional test space.

while for k = 1 and k = N we use the modified splines

1—%%(X—X0)2 for x € [xg, X1],
_J11 )
P1(x) = Eﬁ(x ) for x € [x1, X2],
0 else,
and
11 )
7 ﬁ(x - XN-2) for x € [Xy-2, Xn-1],
on() =91 - %%(x —xy)* for x € [Xy_1, Xn],
0 else,

to ensure conformity Y, c Y (see Figure 1). For a given ¢, € Y, we then conclude p;, =
(2.15) follows with cy, = 1.

DE GRUYTER

(2.20)

(2.21)

-} € Xy, and hence

In the multi-dimensional case (n > 1), we can define Yy as the tensor product of the one-dimensional test
space. However, in this case it follows that —A@p, ¢ X, is not piecewise constant, i.e., we need to use the L% pro-

jection pj, = Qn[-A@p] € Xp, see (2.14).

Example 2.1. For a given mesh size h we consider the computational domain = (0, 2h)? which is decomposed

into four finite elements 7x. When using the one-dimensional basis functions

2
- %% for x € (0, h),
X) = 3
P1(X) 11 )
iﬁ(x—Zh) for x € (h, 2h),
rl 2
E% for x € (0, h),
X) = 3
P2(X) 11 )
.1_§ﬁ(x_2h) for x € (h, 2h),

we can write ¢p € Yp as

Pp(X) = a1191(x1)P1(X2) + a2102(X1)P1(X2) + A1201(X1) Q2(X2) + A2202(X1)P2(X2),

for which we compute

178 -88 -88 -2 ary a

||A "2 _ il -88 178 -2 -88 anr anr

nlce =5 | | 88 -2 178 88 || an |’| aw

-2 -88 -88 178 155} 155}

For the piecewise constant L2 projection pj, = Qn[-A@n] € Xp as defined in (2.14) we obtain

34 -16 -16 -2 a an
"_ "2 _ li -16 34 -2 -16 a a
Pl =9pz | | 16 -2 3¢ —16 || an || an
-2 -16 -16 34 an azn
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It is easy to check that the eigenvectors of both matrices coincide, i.e.,

1 1 -1 0
1 -1 0 -1
1_ 2 _ 3 _ 4 _
E - 1 ’ ! _1 1) ! 0 ) E 1 )

1 1 1

and for all a € R* we can write A
a=Y ap*
k=1
With this we compute
211 2 2 2
lApnl = Eﬁ[MOSaZ +360a3 + 360a;]
as well as 11
Phl}2() = § 77125603 + 725 + 7243].

Hence we conclude 10
= 2 2
”ph”LZ(Q) > H”A(ph”LZ(Q)y
which is (2.15) with cy, = 12

While the approach as given in the previous example can be generalized to any tensor product decomposition
of Q, a rigorous proof of (2.15) remains open. Yet our numerical results indicate that (2.15) is satisfied also in
more general situations.

2.5 Simplicial Meshes

As we have just seen, considering tensor-product spaces leads to Ay ¢ X, which requires showing the reverse
inequality (2.15). Moreover, tensor-product meshes impose an obviously strong restriction on the geometries
that can be discretized. Also notice that the tensor products of one-dimensional H 2 functions are also in H2(Q),
which is in some sense more than we need for stability, since H*(Q) ¢ Hi(g). In this context, we can alterna-
tively construct an appropriate test space by taking functions ¢y, € Hi(Q) so that Agy = div ¢, where y,, are
basis functions from the lowest-order Raviart-Thomas space RTy. On simplicial meshes (triangles for n = 2,
tetrahedra for n = 3), this space contains piecewise linear, vector-valued functions v, € H(div, Q). Then, by
selecting only the basis functions satisfying the boundary condition ¥, - ny = 0 on 0Q, we will have

App = divy, € Xp c LA(Q),

so that stability follows immediately from (2.15) with cy, = 1. Note that, since the degrees of freedom of the
Raviart-Thomas element are the normal components ¥;, - ny on the element edges (n = 2) or faces (n = 3), itis
straightforward to select only those with zero value on Q. Formally, for each element 7x we define the actual
scalar test function ¢k € Y c Y as the unique solution of the Neumann boundary value problem

-App =-divy, inQ, 0n¢r =0 onT, J Qrdx =ag >0, (2.22)
Q
which gives us, using (2.4),

12|

Jph[—dinﬁk] dx + 2 Jph dx = J(f+vAu)-V(pk dx. (2.23)
Q Q Q

While we can evaluate the left-hand side in (2.23) using only the Raviart-Thomas functions ,, computing the
right-hand side can be more involved. From (2.22) we conclude the representation

V@i = Y, +curlA



10 —— D.R.0.Pacheco and O. Steinbach, Optimal Pressure Recovery DE GRUYTER

for arbitrary vector fields A satisfying ny - curlA = 0 on I'. Then

J(f +VvAu) - Vo dx = I(f+ vAu) - [, +curlA] dx = I(f+ vAu) - ¢, dx,
Q Q

©

provided that
j(f +vAu) - [curlA]dx =0
Q

for all A with ny - curl A = 0 on I'. Indeed, if f + vAu = V¢ is a gradient field, we have

j(f + vAu) - [curl A] dx = qu& - [curl A] dx

Q Q
- I n, - [curl A] dsy - j ¢ div[curl A] dx = 0.
T Q

This is exactly the case we have here — as a matter of fact, with ¢ = p. Therefore, we can work directly with the
Raviart-Thomas functions ,, without having to actually solve (2.22) for ¢, which is thus implicitly defined.
We finally get

19
2 2

Jph[—diwpk] dx+ﬂjph dx = j(f+vAu)-¢kdx. (2.24)
Q
The scaling factor ay can be chosen either mesh dependent, or simply equal to 1, for example. However, since
these test functions do not necessarily form a partition of unity, the scaling py, € LS(Q) is no longer exactly
satisfied. This does not matter in practice, since one can solve for p; and then simply compute
_ 1 4
ph—ph—@JPh X,
Q
which will then have zero mean, by construction.

For an element 7, the support of ¢, will cover no more than n + 2 elements: 7y itself and all adjacent
elements with a common face (n = 3) or edge (n = 2). We then select ¢, € RTp such that ¥, - ny =1on otk \ T,
Yy - ny = -1 on the common faces (n = 3) or edges (n = 2) of neighboring elements, and ¥, - ny = 0 elsewhere.
Figure 2 illustrates the setup in two dimensions, and details on the properties and the implementation of
Raviart-Thomas functions can be found in [2].

Figure 2: Support of the vector-valued test function ¥, € RTq and its normal values ¥, - n,, for an internal element 74 in two
dimensions. The negative values in adjacent elements account for the change in the local definition (direction) of n,.
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A limitation of this approach is the need to consider the full second-order term Au, since the Raviart—
Thomas functions ¢, are not regular enough to allow further integration by parts. Therefore, when u is replaced
by a piecewise linear interpolation uj, the Laplacian will have to be reconstructed using some appropriate
technique (see, e.g., [13] for a simple approach). Alternatively, instead of the pressure Poisson equation we can
consider a least-squares approach to compute the pressure.

3 A Least-Squares Recovery Method
Instead of (2.1) we now consider the functional

1
d(p) = 5IVp — f - vbully )

1 (3D
= (A7 (Vp —f - vAuw), Vp - f — vAu)o
to be minimized, where the vector Laplacian A : H})(Q) — HY(Q) is defined as
(Aw, Vg = JVW :Vvdx forallw,v e Hy(Q).
Q
The minimizer of (3.1) is then given as the unique solution p € Lﬁ(Q) of the gradient equation
(A™N(Vp — f —vAu),Vq)g =0 forall q € L3(Q). 3.2)

By introducing w = A~1(Vp - f — vAuw), this is equivalent to a variational formulation to find w € H(l)(Q) and
p € L%(Q) such that

IVW:Vvdx+deivvdx:vJVu:Vvdx—Jf-vdx (3.3)
Q Q Q Q
and
—Jqdivwd“jpdqudx:o (34)
Q Q Q

issatisfied forallv € H é(Q) and q € L*(Q). Note that system (3.3) and (3.4) is also known as Stokes estimator [1, 4].
By construction, we have that w = 0. For the numerical solution of the Stokes system (3.3) and (3.4) we can use
any stable finite element scheme. One possible approach is to consider first the finite element discretization of
the gradient equation (3.2) in its stabilized form to find p € L(®Q) such that

(A"Y(Vp - f - vAu), Vq)g + Jp dx J qdx=0 forallqeL*Q). (3.5)
Q Q

Note that (3.5) is the Schur complement equation of the modified Stokes system (3.3) and (3.4). Since the related

bilinear form
(A7Vp,Vq)g + Jp dx J qdx (3.6)

Q Q
is bounded for all p, q € L%(®), and elliptic in L?(Q), unique solvability of (3.5) follows. As before, let X; c L*(Q)
be the space of piecewise constant basis functions. Then, we consider the Galerkin formulation to find pj, € Xj,
such that
(A"Y(Vpy - f - vAu), Vap)o + Jph dx J qndx =0 forall q; € Xp. (3.7
Q Q

Using standard arguments we then conclude Cea’s lemma (2.12), and the error estimate (2.13). However, since
the bilinear form (3.6) does not allow a direct evaluation, we need to introduce an approximation of

w=AYVp-f - vAu)
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bysomewy € Yy ¢ H 3(9). Hence we consider the finite element approximation of (3.3) and (3.4) to find wy, € Y,
and pp € Xp such that

ijh:Vvhdx+Jﬁhdivvhdx=vjVu:Vvhdx—Jf-vhdx (3.8
Q Q Q Q
and
—thdivwhdx+Jﬁhdeqhdx:0 (3.9)
Q Q Q

is satisfied for all vy € Y, and qp € Xj. The discrete Schur complement system of (3.8) and (3.9) then defines
an approximation of the continuous Schur complement equation (3.7), which can be analyzed via the Strang
lemma [5, 18]. To ensure discrete ellipticity of the approximated Schur complement operator, we must define the
finite element space Y, appropriately. An example of velocity discretization that is stable when combined with
piecewise constant pressure are continuous, Lagrangian spaces of polynomial degree n (the spatial dimension).
Another possible choice is to consider piecewise linear, continuous basis functions defined on a fine enough
mesh when compared to the mesh size of Xj,. Either way, the order of convergence given in (2.13) will not change.

While we have w = 0 for the solution of (3.3) and (3.4), this is not true for the discrete counterpart wy,.
Instead, we may use wy, to define an error indicator to control the finite element error |p — pnliz2(q). This follows
the general approach as analyzed in [12], and will be discussed in more detail in an upcoming work [14].

4 Numerical Results

This section presents numerical results supporting our a priori estimates. The discrete pressure is piecewise con-
stant, which in the least-squares (LS) case is paired with a piecewise quadratic artificial velocity wy, for inf-sup
stability. As done in applications, we will replace u by a first-order interpolation uy, on the same triangulation
used for py. This allows a simple evaluation of the velocity term jr(curl up) - (ny x Vo) dsy. For the approach
using Raviart-Thomas functions, however, a piecewise linear u; cannot be used, as discussed in Section 2.5.
Therefore, in this case we consider a piecewise constant approximation of the Laplacian Au.

Consider the computational domain Q = (0, 1)?, zero right-hand side (f = 0), v = 1, and the exact solution
given by

2y3 -
u(x,y) = (23}(3 _i) p(x,y) = 12xy - 3.

We use two families of meshes with the same resolution: one with square elements (for the PPE with spline test
functions), and one with triangles (for both the LS and the PPE with Raviart-Thomas functions). The coarsest
level is shown in Figure 3, after which several uniform refinements are applied. The relative L?(Q) pressure
errors are shown in Table 1, confirming linear convergence for all recovery techniques.

Figure 3: Meshes used as starting point for the refinement study.
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Tensor-product PPE  Simplicial PPE Simplicial LS

Refinement level  L%-error eoc L%-error eoc L%error eoc
0 5.20e-1 3.29%-1 4.40e-1
1 2.77e-1 0.90 1.70e-1  0.95 2.02e-1 112
2 1.42e-1 0.96 8.52e-2 0.99 9.25e-2  1.12
3 7.21e-2 0.98 4.26e-2 1.00 4.40e-2 1.07
4 3.62e-2 0.99 2.13e-2  1.00 2.16e-2 1.03
5 1.82e-2 1.00 1.07e-2 1.00 1.07e-2  1.01
6 9.09e-3 1.00 5.33e-3  1.00 5.34e-3  1.00
7 4.55e-3 1.00 2.67e-3  1.00 2.67e-3  1.00

Table 1: Numerical test case confirming the linear convergence of both PPE and LS approaches, using a piecewise constant pressure
approximation.

5 Conclusions

In this work, we have presented, analyzed and discretized two distinct pressure recovery methods. The first
is an ultra-weak variational formulation for the pressure Poisson equation (PPE). Differently from common
approaches, we do not rely on a discontinuous Galerkin framework, nor do we recast the Poisson problem
into a mixed first-order system, but rather consider a scalar Galerkin—Petrov formulation. To that end, we use
integration by parts to get rid of all derivatives on the trial functions p, which allows us to consider p € L%(Q) as
in the Navier—Stokes system. As a trade-off, we must have H' test functions with square-integrable Laplacian,
hence the Galerkin—Petrov nature of our framework. When considering these different trial and test spaces,
unique solvability of the continuous problem is guaranteed by an inf-sup stability condition. We have then also
proved discrete stability and a priori error estimates for a conforming, yet abstract choice of spaces fulfilling
certain conditions. When considering piecewise constant trial functions, we have presented a realization of the
test space using modified second-order B-splines. In that case, the discrete inf-sup condition is proven in one
dimension, while an extension to higher dimensions is sketched. For simplicial meshes, we have also presented
an approach using test functions whose divergence is in the lowest-order Raviart-Thomas space.

As an alternative framework requiring only standard Lagrangian finite element spaces, we have also con-
sidered a least-squares method that is solved as a Stokes system with artificial velocity. The method results
in considerably more degrees of freedom than the PPE, but can be discretized in a much simpler way. Both
approaches require the same regularity on the unknown pressure and the velocity data, and also converge
with the same order. Although we have considered incompressible velocities here, compressible ones can also
be used, since both the ultra-weak PPE and the least-squares approach use test functions with enough regularity
to handle the additional terms that appear in the compressible form of the Navier—Stokes equations.

An open problem is extending the ultra-weak discretization to higher-order trial spaces. In fact, first numer-
ical experiments combining piecewise (bi-)linear ansatz with Hermite or Argyris polynomials as test functions
indicate promising results [16].
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