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ABSTRACT. Consider a slightly compressible fluid. A formal expansion sug-
gests that the incompressible Navier-Stokes equation combined with the equa-
tions of linearized acoustics should yield a higher-order approximation (with
respect to the compressibility) of the compressible Navier-Stokes equation.
In the present work, we derive rigorous a posteriori estimates for jointly the
modeling error and the numerical error for this expansion of the compressible
Navier-Stokes equation. In case of well-behaved solenoidal numerical solu-
tions of the incompressible Navier-Stokes equation, we expect our estimates to
provide not just fully rigorous but also practically meaningful bounds for the
modeling error. Our estimates are valid for any weak solution to the compress-
ible Navier-Stokes equation in the sense of Lions, i.e. we do not assume any
additional regularity of the exact solution to the compressible Navier-Stokes
equation.

1. INTRODUCTION

The behavior of a slightly compressible fluid is known to be approximated well
in many situations by the incompressible Navier-Stokes equation

d
(1a) %UJF(U'V)U = —Vp; + polAv + f,

(1b) dive = 0.

A more accurate description of a slightly compressible fluid is however provided by
the compressible Navier-Stokes equation

P+ div(pu) =0,

%pu +div(pu ® u) = —Vp. + div (u(p)(W + WT)) + V(A(p) divu) + pf.

The compressible Navier-Stokes equation needs to be supplemented by an equation
of state relating the pressure to the density. In many physical situations, the relation

— -l
(3) Dec = pe(p) T e

may be used (for some v > 1; note that we have fixed the reference density — i.e.
the density of the fluid in the incompressible idealization — to be 1). Here, € > 0
denotes the compressibility of the fluid; for a slightly compressible fluid, € is small.

Key words and phrases. Navier-Stokes equation, compressible fluid, incompressible limit, lin-
earized acoustics, modeling error, a posteriori estimate.
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It is not obvious that the incompressible Navier-Stokes equation (1) provides an
approximation for the compressible Navier-Stokes equation (2) for small compress-
ibilities €. Indeed, the incompressible Navier-Stokes equation arises as a singular
limit from the compressible Navier-Stokes equation as € tends to 0. In connection
with the low known regularity of weak solutions to the compressible and incom-
pressible Navier-Stokes equation, this makes the mathematical analysis of the limit
challenging. For example, in the case of at least three spatial dimensions d > 3
only weak convergence of solutions of the compressible NSE towards a solution of
the incompressible NSE as € — 0 is known [28] (see [12, 13, 15, 16, 29] for related
results). Results including a rate of convergence so far require at least regularity
assumptions on the solution of the limit problem (i.e. the solution of the incom-
pressible NSE) which for d > 3 go beyond the available regularity theory for the
Navier-Stokes equation [22, 23, 24, 25].

Quantitative estimates for the difference between numerical solutions to the in-
compressible Navier-Stokes equation and the corresponding exact weak solution to
the compressible Navier-Stokes equation have been derived only in the recent work
[19]. The estimates of [19] are of a posteriori type, i.e. the error bounds depend
on the numerical solution to the incompressible Navier-Stokes equation and the
physical parameters. The a posteriori modeling error estimates of [19] are fully
rigorous, i.e. they apply to the finite energy weak solutions to the compressible
Navier-Stokes equation constructed by Lions [26] (note that only such finite energy
weak solutions are known to exist globally in time). Furthermore, the estimates
are also practical, i.e. the constants in the estimates are all of at most moderate
magnitude and thus the estimates are meaningful also in realistic situations.

For well-behaved flows and solenoidal approximations of the velocity field in
the incompressible Navier-Stokes equation, the estimates in [19] yield a bound for
the error in the velocity u — v of the order of O(y/€). To obtain a higher-order
approximation of the compressible Navier-Stokes equation, let us denote by s :=
(p—1—ep;)/e and w := (u — v)/+/€ the rescaled deviation of the solution of the
incompressible NSE (1) from the solution of the compressible NSE (2). One then
observes that formally, s and w satisfy the equations of linearized acoustics

d divw d

(4&) %5 + (U . V)S + 7 - _ipi - (U . V)pw

(4b) Lot (- Vw + Y2 = pohw + (o + o)V dive — (w- V)
dtw v w \ﬁ—uo w o+ o ivw w v

up to an error of O(y/€). Considering solutions to (2) and (1) as well as a solution s,
w to (4), formally 1+ ep; + €s and v + /ew should therefore provide a higher-order
approximation for p and u (compared to the lowest-order approximation p 1 and
u & v). More precisely, we expect the bounds

o — (1 +epi + es)] = O(e¥/?),
u— (v+ Vew)| = O(e)

(at least in certain norms). It is the central goal of the present work to establish a
corresponding rigorous a posteriori modeling error estimate.
As in [19], we consider the error functional

1
Dlv.p.piai= [ Golo =P +7lp) = (= Dp+1(p) d
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(where m.(p) = p [ s72pc(s) ds is the internal energy density of the fluid and where
I, is the convex conjugate of m.(1 4 -)) which again enables us to take advantage
of the energy dissipation of weak solutions to the compressible Navier-Stokes equa-
tion (2) in the sense of Lions: The low known regularity of weak solutions to the
compressible Navier-Stokes equation prevents us from evaluating the evolution of
nonlinear functionals of density and momentum density (p, pu) directly using just
the weak formulation of the compressible Navier-Stokes equation; yet an error func-
tional needs to be nonlinear in the velocity u. The energy of the compressible NSE
is of the form fQ % plul® + 7 (p) dx; thus, the energy dissipation inequality and our
choice of the error functional enable us to derive error estimates nevertheless. For
the usage of the energy dissipation inequality in a closely related context — the
context of relative entropies —, see in particular [9, 14, 16, 18, 21] and the refer-
ences therein; in these works, the relative entropy for the compressible Navier-Stokes
equation is used to establish certain singular limits and — remarkably — weak-strong
uniqueness for the compressible Navier-Stokes equation.

In contrast to the previous work [19] in which an error estimate of the rough
structure

D[Uhuphap7 u](T) < 0(6) + gr%um(T>
has been derived, in the present work we shall now show an estimate of the form
(5) D[Uh + \wahph =+ Sh, P, u](T) < 0(62) + ggum(T)

for any fixed T > 0 in case of well-behaved flows; here vy, pp, denote an approximate
solution to the incompressible Navier-Stokes equation (1) and sp, wp denote an
approximate solution to the equations of linearized acoustics (4) (with v and p;
in (4) replaced by v, and pp); Enum denotes the numerical error (of both vy, pp
and sp, wp). Again, all constants in the error estimates are of at most moderate
magnitude.

Recall that the error functional D{vy, 4+ v/ewpn, pr + Sn, p, u] actually controls the
total error: We have

lp— (1 + epp, + esp)|?
2€

dzx

1
Dlvy + ewn, pn + sh, p, u] 2/ §P|'Uh+\/gwhfu|2+
Q

in case v = 2 in the equation of state (3) and similar estimates in the general case.
Therefore, our error estimate (5) captures the expected higher-order approximation
property of the expansion 1 + epy, + €s, and vy, + v/ewy, for p and u correctly.

In total, we expect the a posteriori modeling error estimate in the present pa-
per to provide a rigorous justification of the equations of linearized acoustics also
in practical situations. Besides that, the a posteriori modeling error estimates in
[19] and the present paper enable us to spatially locate the origin of the modeling
error. Our estimates may therefore enable us in future to devise a model-adaptive
numerical scheme for the simulation of slightly compressible fluids, which solves
the compressible Navier-Stokes equation where necessary and the incompressible
Navier-Stokes equation along with the equations of linearized acoustics where pos-
sible.

Regarding a posteriori modeling error estimates and model-adaptive numerical
schemes for other problems, we would like to refer the reader to [4, 5, 7, 10, 11,
20, 31, 32, 33, 38, 39, 40, 42, 43, 44] and the references therein. Note that apart
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from [7, 19, 31] (the first and the last work dealing with modeling errors in combus-
tion problems and the Stokes approximation of the incompressible Navier-Stokes
equation, respectively) there have been little results on a posteriori modeling error
estimates in fluid mechanics.

To estimate the numerical error, in the present work we make use of a posteriori
error estimates of functional type; see e.g. [30, 35, 36, 37, 41]. For other types of
a posteriori error estimates — in particular a posteriori error estimates of residual
type and duality-based a posteriori error estimates — we refer the reader e.g. to
[1, 2, 3, 6, 8, 34, 45, 46, 47] and the references therein.

Notation. Throughout the paper, we use standard notation for Sobolev spaces.
By Q C R? we denote a bounded Lipschitz domain.

The notation C2°(2) is used to refer to the set of smooth compactly supported
functions in Q. As usual, H(Q2) = W12(Q) denotes the space of functions in L?()
whose distributional derivative belongs to L?(€2;R%). We also use the standard
notation Hg(Q) for the subspace of functions in H'(2) with vanishing boundary
trace. The notation W1>°(Q x I) is used for the space of functions in L>(Q x I)
whose distributional derivative belongs to L>(2 x I;R? x R).

The notation LP(£;R?) (with 1 < p < o0) refers to the space of Ré-valued
measurable mappings f :  — R? which satisfy |f| € LP(Q2). The corresponding

L L 1/p
norm is given by |[v|| sy == ([, [v|P dz) .

For a,b € R, we denote by a V b the maximum of a and b. Similarly, a A b refers
to the minimum of a and b. We also use the abbreviations (a); for max(a,0) and
(a)— for max(—a,0).

For two matrices A, B of dimension n X n, we denote the sum 27 =1 AijBij
by A : B. The notation |A|s is used for the spectral norm of A. In contrast, the
notation |A| denotes the Frobenius norm. For a tensor field a € L?(€;R%*4), by
|la||z2(q) we denote the norm || |al ||z2(q)-

Throughout the paper, we fix some (arbitrarily large) Ty,q > 0 and abbreviate
I:=10,Tnqz). For a Banach space X, we use the notation LP([0,T]; X) to denote
the space of all (strongly Bochner) measurable mappings f : [0,7] — X which
satisty ||f|lx € LP([0, T)).

For a vector field v, we shall use the convention (Vv);; := 0;v;. Given a tensor
field a € L?(Q;R¥*4), we set diva := (Zle Oiari, -, Zle d;a4i)T. This allows us
to rewrite the Laplacian acting on a vector field v component-wise as Av = div(Vv).

2. MAIN RESULTS

Our assumptions on the domain and the coefficients are mostly parallel to the
ones in the preceding paper [19]. More precisely, our assumptions are as follows:

(A1) Let d =2 or d = 3 and let  C R? be a bounded Lipschitz domain.
(A2) Suppose that p : [0,00) — RT is a bounded Lipschitz continuous mapping
With fmin = infs>0 p(s) > 0 and pimaz = Supgsq p(s) < 0.
(A3) Assume that A : [0,00) — R* is a bounded Lipschitz continuous mapping
with Ain := infs>0 A(s) > 0 and A\pas := supgsq A(s) < 0o,
(A4) Let v > 2. Suppose € > 0. Let p.(p) be given by
pr—1

(6) pelp) ="
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Note that this entails by definition of =,

W= [ s as =1 (- LT
Te(p)=p [ s 7pe(s) ds =~ pT = p+ =
1 e\v(v—1) y-1" v

and by a general formula for the convex conjugate
i(s) = () 7' (s) = 1= ((v = Des + N7V — 1,

i.e. in particular

1
I _ 1 /-0 g
)= (= Vs + 1) -
(A5) Let the force density satisfy f € L>(Q x I;R?).

We shall impose the no-slip boundary condition
(7) u=0 on
at the lateral boundary for any ¢ > 0.

Let us now state the notion of solutions to the compressible Navier-Stokes equa-
tion for which we derive our a posteriori modeling error estimates. Weak solutions
to the compressible Navier-Stokes equation originally were introduced by Lions
[26, 27]. The notion which we shall work with in the present paper is a slightly

rephrased and weakened form of the definition in [17], which in turn is closely
related to the original definition of Lions.

Definition 1. Let (A1) to (A5) be satisfied. Assume that po € L7(S2) is nonnega-
tive; let ug be a measurable vector field with poluo|®> € L*(Q)). We then call a pair
p € L=(I; LY(Q)), u € L2(I; H} (;RY)) with p > 0 a finite energy weak solution
to the compressible Navier-Stokes equation with no-slip boundary condition on OS2

if for any ¢ € C°(Q x I;R?Y) we have

_/I/qu-%w dacdt—/onuo-z/)(.,O) dx

://ﬂpu-(u~V)w de dt+//ﬂp€(p)div¢ de dt
// )(Vu+ VuT) - Vi dr di — //)\ )divudive do de
//pf ¥ de dt,

if for any ¢ € C(Q x I) with ¢(-, Tynaz) = 0 we have

(9) // dt¢d$dt—/[)0¢ dx—//pu V¢ dx dt =0,

and if in addition the energy inequality

[ Aottt o)
(10) / / |V + VuT|? do dt+/ Ap)| divul? dz dt
Q

t1

< [ ottt + mol ) da + / [ 1o da i

holds for a.e. 0 <t <ty and a.e. to > 0 in case t; = 0.
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Note that by approximation, the equations (8) and (9) are also satisfied for
Lipschitz test functions (with zero boundary trace in case of equation (8)).

Recall that in the case of density-independent viscosities g and A and bounded
domains Q of class C%%, weak solutions in the sense of the previous definition exist
globally in time for any initial data satisfying the above restrictions [17, 26].

To state our main result, we need the following notation for constants, most of
which have already been introduced in [19].

Definition 2. We define

C. . —su Uepe()l—y2eme(s)s — ~ . |p(8)=pol?

™p T pseRg eme(s) ’ T pSERS— eme(s)pmin’
- [A(s)=Xol”

C‘ﬂ'y)\ T SupsERS’ 2eme (8) Amin’

2
(1—v/5)* (Is=1=/2eme(s))+

Cre = SUDyc(o,1) AR Cr = SUP et (ena(5))57° ,

L (1—eml (s))+ L 2min(Cr m,1|s—1],1)|s—1]
Crm,1 = SUD, et s—1] Crmz2 = SUPsert eme () )

and denote by Cq e the Poincaré-Sobolev constant for the embedding H} () —
L5(Q), i.e. we set

Cape:= sup Nelzeey :
sec=(@) [IVPllL2(a)
Remark 3. If the equation of state is given by (6), we have

o v—1 for~v>2 Cru
P fy—l—&—%(?—v) fory<2 ’ ’

2—7v forvy<2
0 fory=2

1 for2<~y<3
v —2 fory>3

2
C"/r,f = 75/3 (1 - \/g) fOT’ v > 2; Cﬂ',m,l =

C7r,m,2 S 2’707r,m,1 fO?" 0 2 2.

Furthermore, in case d = 3 we have

_ L4
CQ,2,6—\/3—7T T

Our main result — the joint a posteriori estimate for the numerical error and the
modeling error for the approximation of the compressible Navier-Stokes equation by
the incompressible Navier-Stokes equation and the equations of linearized acoustics
— reads as follows. Note that the colored underlines are just there to relate the
terms in the estimate to the corresponding terms in the proof of the estimate.

We would like to emphasize that our error estimate takes the form of an integral
inequality for our (time-dependent) error functional D[vy, + v/e€wp, pr + Sn, p, u] (see
inequality (12) below). The integral inequality (12) may be solved numerically (if
desired, one may even compute a guaranteed upper bound on D[vy, + v/ewp, pp +
Sh, p,u](T) numerically) or one may derive an explicit upper bound for Dlvy +
Vewn, pr + s, p, u|(T) by Remark 5 below.

Theorem 4. Assume that (A1) to (A5) are satisfied. Let v, € W1°(Q x I;R?),
pn € WE(Q x I) satisfy v, = 0 on 0Q x I. Suppose that wy, € WH>°(Q x I; R?),
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sp € WEeo(Q x I) satisfy wy, = 0 on 9Q x I. Let p, u be an arbitrary finite

energy weak solution to the compressible Navier-Stokes equation in the sense of
Definition 1. Introduce the error functional

(11)  Dlvn + Vewn, pn + s, p,u] ==
/Q %P |on 4+ Vews — u‘Q +7e(p) — (p— 1)(pn + sn) + Ue(pp + sp) dz,
with 1. denoting the convex conjugate of m.(1+ -). Abbreviate
D) = 2Dlon + Vewn,pn + s1,p.ul + [ T2+ 250) = 210 o+ 1) do

Let y € Wh(Q x ;R and set for 77 > 0

Erum (T) : / Hdtvh“‘(vh V)un + Vpy — f — po div y‘

L*(Q)

X \/2D[vh + Vewn, pn + sn, p,u] dt
T 2
+ —0 |V, — |2 dt.
Let z € Wh*°(Q x I;R¥?) and set for 19,711 > 0

D) = [ Ve

d
il + (v - VIwp + (wp - V)vp — podiv z

Vs,
(/JQ + )\O)Vtrz + —
\/E L2(Q)

X \/QD[Uh + Vewn, pr + sh, p,ul dt

T 12
+ e—0 ||Vuwy, — 2| dt

T 2
(Ao +Ho)? | .. 2
+A 6m||leﬂ)h—tTZ|lL2(Q) dt

divw d
" T+ (v - V)ps

N
X \/QD[Uh + Vewn, pr + Sh, p,u) dt.
Define for 7,712,176 > 0

gmodel( ) =

/ 6\/217[’011 + Vewn, pr + sn, pyu] - [|(wh - V)wn|l 2 () dt

T
Jr/ ﬁHSh+(vh V)Sth
0

L2(Q)

/ / 27_ 2ph + 25h) — 210, (pn + sh))|Vvh + V\fwh| dr dt
Q 1

/ / 27 e 2pn + 2s1,) — 210 (pp, + sn)) | div(vy, + Vew)|* dz dt
2
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2

Dﬂe(p) dt

T
4
+/ 6\/2D[Uh + ewn, pn + Shy Py U] - g”ﬂ)h (Vpr + VSh)HL2(Q) dt
0
d
< + (vn 4 Vewp,) - ) (vn + Vewn) — f+ V(pn + sp)
L3(Q)

/T Cdas
+ €
0 HminT6 dt
_ 1)

T
4 .
+ / e\/ZD[vh + Vewn, pn + sn, p,u] - 7(73 |(pn + sn) divwg||p2(q) dt.
0

Furthermore, set

|| div vn||L2 ()

4 T
5d2iv(T) ::g/o \/QD[Uh+\/Ewhyph+Sh,p,u] . T dt.

Then for any T > 0 and any 7y, --- ,711 > 0 the following a posteriori estimate

holds, provided that we have cqiy := Amin(1 — T2 — 74 — T11) + fmin(1 — 73) > 0 and
10

=7 =75 =2 67 >0:

T

Dlvn, + Vewn, ph + sn, p, u]

0

10 T
(12) + Umin (1 —T1—T5 — ZTZ> / |Vu — V (v, 4+ Vewp) | do dt
o Ja

=6

T
+ de/ / | div(vy, + Vewp) — divu|2 dx dt
0o Jo

S ETQLuml( ) + 572Lum2( ) + grznodpl( ) + 53“, (T) + g}zzof(T)

+/ 2SUP\VUh+\[th|2 Dlvy, + Vewn, pr + Sh, p,u] dt,
0

€N

where

ghot( ):

€ Cw,ecﬂ,z 6

T
: -V 2 oD () di
28 [y Dyl ey oo

eC. T
+ Tﬂ’# / sup |Vuy, + Vvewn|? Doy + Vewn, pn + sn, p,u] dt
1 0 zeQ

eC’,r T
A / sup | div(vy, + vewp,)|* Doy + Vewn, pn + sn, p,u] dt
0 zeQ

A3 N
/ / (4,Ufm7,n7—3 4)\min7-4> | div Uh‘ dw dt

Cr d
NPT it Q26/ D°/3 ) Sup (d +(Uh+\/gwh)-V)(vh+\/Ewh)

2minTe me(p) €N
2

dt

= f+V(pn +sn)

+ 3/24Cmm2 TD ~ v Vsp)| dt
€ 5/, m(pwgglwh-( ph + Vsp)|
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8C7r,m,1

+ Ve 3

T
/ / |11 (pn + sn)|*Jwn - (Vpn + Vsp)| do dt
o Ja

T
ey —1) / sup |(divwn)—| - Dlon + v/etwn, pn + sns pyu] dt
0 zeQ

324y — 4)Crmo [T
L€ (4y—4) ,,2/
3 0

\/E(S")/ - S)Cﬂ,m,l
* 3

sup [(pn + sn) divwp| - Dr_(py dt
€

T
/ / \(pr + sn) divwy || I (py, 4 s5)|* do dt
0o Ja

4 T
+ *Cmmz/ Dy (p) sup | div vy dt
3 0 z€Q
807r m r .
+71/ /6_1|H/e (pn + sn)|?| divoy| do dt
3 0 Ja
T
+(v— 1)/ Dy () sup |(divop)_| dt
0 zEN
T
+/ / (H€ (pn + sn) — e Y10 (p, + sn) +pn + sh) divuy, dz dt
0 Ja

T
+/ / div v/ew, ((ph +sp,) — € 1L (pp + sn)
0 Q

— (v = D(pn + sn) g (pr + sn) +7 e (pn + Sh)) dx dt
;. 8Crma /T/
3 0o Ja
x |11 (py, + sh)\z dx dt

ACrma [T
+ET”2/0 Dﬂe(l,)sgp

v wp, d

d di
2 + (vn - V)sp + e + 2P + (vn - V)pn

div W,

d d
—sp+ (v - V)sp + + —pn + (vn - V)pn| dt

dt Ve dt
Cs22,2,607r,e T D d v v di 2 "
Em/o ﬂe(p)"%vh‘i’(vh' Jun + Vo, — f — 1o 1vy’ L3(Q)
Ccg,C T d
2 -Q,2,6VT,e
te diminTi0 /0 me(p) ‘dt wn + (vn - V)wn + (wn - V)on
. Vs ||°
— podivz — (o + Ao)Vitrz + dt.
\ﬁ L3(Q)

We observe that we have indeed derived an integral inequality for the time-
dependent error functional D[vy, ++/ewp,, pr+ Sk, p, u], the coefficients of the integral
inequality being entirely computable in terms of the physical parameters €, 7, pu, A
and the approximate solutions vy, py and wy, sp.

Let us review the different contributions to the error. The term 7, consists
of higher-order terms; in practical applications, we expect it to be negligible. The
term £2,,,,,; bounds the (squared) numerical error of the approximate solution to the
incompressible Navier-Stokes equation vy, ps, while the term £2,, , is an estimate
for the (squared) numerical error in our approximate solution to the equations of
linearized acoustics wy, Sp.
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The term £2, is a result of a harmful interaction of model simplification and
discretization. In practice, this term requires our approximate solution to the in-
compressible Navier-Stokes equation vy, py, to be (almost) solenoidal. Numerically,
this may be accomplished by using divergence-free elements or — as in [19] — by
postprocessing of the solution.

The last term on the right-hand side of (12) captures a possible instability of our
flow: Depending on the flow, small perturbations in the flow may grow exponentially
in time. This term only amplifies errors which are already present; it does not
introduce new errors by itself. However, as seen in the numerical examples in
[19] it is often the main contribution to the overall error. Obtaining an improved
estimate for the possible instability of the solution to the incompressible Navier-
Stokes equation will be the subject of future work.

Note that for d = 3, even for well-behaved discretizations in theory it is not guar-
anteed a priori that the integral fOT 2sup,cq |Vup+veVwy |z dt (by the exponential
of which our error estimates are amplified by the last term in (12)) remains bounded
uniformly in the discretization parameter h (and therefore, it is not guaranteed a
priori that our estimates are meaningful for small h): For well-behaved discretiza-
tions the approximate solution vy inherits the regularity from the corresponding
exact solution to the incompressible Navier-Stokes equation (though in general not
more than Lipschitz regularity should be expected for v,). Existence of strong
solutions to the incompressible Navier-Stokes equation in three spatial dimensions
is, of course, the famous open problem; however, it is generally considered to be
likely that for most data strong solutions exist globally. Morally speaking, in our
estimates we exploit the weak-strong uniqueness principle for the incompressible
Navier-Stokes equation to obtain rigorous quantitative error estimates by imposing
the strong regularity assumption on the approzimate solution vy, pp. This has the
advantage that the check whether the approximate solution vy, py has the required
regularity can be performed a posteriori.

The leading-order part of the modeling error is accounted for by the term 6’“210,16[.
The compressible Navier-Stokes equation is a nonlinear equation in p and u; there-
fore, the linearized approximation around the incompressible limit (i.e. around the
solution of the incompressible Navier-Stokes equation) — by which the equations of
linearized acoustics are derived — necessarily introduces errors. For example, the
green terms in Ezwdel account for the possible dependence of the viscosities p and
A on the density p.

Note that the tensor fields y and z in our estimates for the numerical error need
to be chosen appropriately to obtain an efficient a posteriori error estimate. One
should think of y and z as Lipschitz continuous approximations of the (possibly
discontinuous) tensor fields Vvy, and Vwy,. In practice, one may choose y and z by
minimizing the convex functionals defined by the error terms in the class of func-
tions of a suitable finite element space, i.e. by solving a finite-dimensional convex
optimization problem. In most cases, it is even sufficient to minimize a quadratic
functional similar to the error terms in some finite element space, which amounts
to solving a linear system of equations. In order to save computational time, one
might also use an appropriate (higher-order) flux reconstruction to construct y and
z from Vv;, and Vwy,.

To cast the integral inequality (12) into a more explicit form, observe that in
case of solenoidal velocity fields vy, up to higher-order terms the inequality (12)
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takes the form

T

Dlvy, + Vewn, pr + sn, p, U]‘O

T
< / (GA(t) + enum,a)\/D[vh + ﬁwhvph + Sp, P, 'LL] dt
0
T
+ / B(t)D[vy + Vewn, pn + sn, p, u] dt
0
T

+/ EBE(t) + €ymp dt
0

for certain (e-independent) functions A, B, E € L*([0,T]). Here, €yum,q and enym,p
denote different contributions to the numerical error estimate. This reformulation
gives rise to the following remark.

Remark 5. For well-behaved flows and solenoidal velocity fields vy, the modeling
error estimates stated in Theorem 4 are indeed of order € on any fixed time interval
[0,T): An upper bound for the solution to the integral equation

T T . N
D(t)‘o :/0 VA@) D(t) + B(t) D(t) dt + E(T)
is given by

DUP(t) = (\/D(O) LB + ;/Ot V) dT>2exp (/Oté(r) dT),

which implies the estimate Dlvy, + /ewn,pn + sn,p,ul(t) < €2 + fot € um.alT) +
efwmvb(r) dr on any fixed time interval for well-behaved vy, pn, Wh, Sp.

3. A POSTERIORI ESTIMATES FOR THE NUMERICAL ERROR

For the proof of our main result, we use the following a posteriori error estimates
of functional type for the numerical error in the incompressible Navier-Stokes equa-
tion and the equations of linearized acoustics. For the reader’s convenience, we have
used colored underlines to mark the terms; terms with the same color are generally
rearranged together in the subsequent computations (in particular in the proof of
Theorem 4). Exceptions to this rule will be mentioned in the accompanying text.

Lemma 6. Let vy, w, € WH®(Q x I;RY), p, € WhH®(Q x I) and let u €
L2(I; HY(;RY)). Suppose that vy, + v/ewy, — u € L2(I1; HE (S R?)). It then holds
for any y € WHh(Q x I;R™4) and any T > 0 that

T
/ / (vp, + Vewy, —u) - gvh dx dt
o Jo dt
T
(13) < —/ /(Uh +Vewy —u) - (v - Vo, do dt
0o Ja

T
—/ / poVup = V(v + Vewn, —u) do dt
0o Ja

T
—/ /Vph-(vh+\ﬁwh—u)dxdt
0 Q
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T
“r/ /f-(vh—k\/gwh—u)dxdt
0 Q
+ Aresidual,h

where
T
Aresidual,l ::/ H(Uh + \/Ewh — u)
0

d .
. (dtvh + (vp - V)up + Von — f — 1o dlvy> ‘

L1(Q)
T

+ / 40l ¥ (on + vewn — w)l| e[ Von — yllzay dt.
0

Proof. We add the integrals on the right-hand side of (13) to the integral fOT Jo(on+
Vewp, — u) - %vh dx dt and subtract them again; then we subtract the term

Ho fOT Jo V(on + Vew, —u) : y + (vp + ewy, — u) - divy dx dt (note that this
term is zero) and employ standard estimates. O

Lemma 7. Let vy, wy, € WH®(QxI;RY), u € L2(I; HY(Q;R?)), pp, sn, € WHe(Qx
I). Suppose that vy, + fewy, —u € L2*(I; H}(;R?)).  We then have for any
z € Whe(Q x I; R and any T > 0 that

/()T/Q(U;L—F\/Ewh—u)-jtwh dx dt
(14) <—/0T/Q<vh+ﬁwh—u>~<vh-v>wh do dt
—ATA(vh+ﬁwh—u)-(wh~V)vh dz dt

T
—/ / poVwy, 2 V(vp + Vewy, —u) do dt
0 Jo

T
- / /(/\0 + o) div wy, div(vy, + Vewy, — u) dx dt
o Jao

T
7/ / iVsh (vp + Vewy, —u) dz dt
o Ja Ve

+ Aresidual,Qa

where

T
Aresidual 2 ::/

d
(wh + (vp - V)wp + (wp, - V)vp, — po divz

dt

\Y%
— (o +Ao)Virz+ Sh) (vp + Vewy, — u)
¢ L1()

N

T
+ / 10l (on + v/ewn — )| 2o | Vwn — 2Lz
0

+ ()\0 + ,u0)|| diV(’Uh + ﬁwh — u)||L2(Q)|| diV wh — tr Z||L2(Q) dt.
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Proof. We start from the estimate 0 < 0 and add and subtract all space-time
integrals occurring in (14). Adding the equation

O:—/(uodivz—l—(,uo—i—)\o)Vtrz)-(vh—i—ﬁwh—u) dx
Q
—/uoz:V(vh—&—ﬁwh—u) dz
Q

- / (po + o) tr zdiv(vy, + Vewy, — u) dz
Q
and using Holder’s inequality, the desired result is established. [

Lemma 8. Let vy, wy, € WH®(Q x L;RY), pp,sp, € WH(Q x I), and p €
L°(I; LY(QY)). It then holds for any T > 0 that

T
/O /gz(_(p_1)+ﬂle(ph+5h))'%8h da dt
(15) < /0 /Q ((/’ —1) — I (pr + Sh)) (vp, - V)sp, dz dt

T , div wy,
+/0 /Q((p—l)—HE(ph—i—Sh)) NG dz dt

+ /OT/Q ((p—1) —L.(pn + sn)) <(§ltph, + (vn - V)Z’h) dz di

+ Aresidual,37
where
T .
d divwy, d
Aresi = — -V —_— + — -V
residual,3 /0 /Q a sp 4 (vn - V)sp + e + dtph + (vn - V)pn
X ‘p —1—1.(pp + sp)| dz dt.

Proof. Trivial. O

4. A POSTERIORI MODELING ERROR ESTIMATES

In order to derive our a posteriori modeling error estimates, let us first prove
two lemmas for the evolution of the difference between D|vy, 4+ v/ewp,, pr + Sn, p, u]
and D[Uh7ph7 Ps ’LL]

Lemma 9. Suppose that the assumptions of Theorem 4 are satisfied. We then have
for almost every T > 0
T

/p (vp, — u) - Vewy, + g|\/gwh|2 dx
Q

T d

—/0 /Qp \ﬁwh-avh dr dt
T d

—/ /(p—l) (vn + Vew, —u) - —+/ewy, dz dt
o Ja dt

0

T
S—/O A(vh+ﬁwh—u)~(vh-V)ﬁwh dx dt
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T
/ (vn + Vew, —u) - (Vewy, - V)vy, dx dt
0

ZO

T
+/ p Vewy - (u- Vv, dz dt
0

2

T
+/ p (v +Vew, —u) - (u-V)ewy, dx dt

o
2

T
/ /,uov\fwh V(v + Vewy, —u) dx dt
Q

(=)

T
/ (Xo + po) div ewy, div(vy, + Vewy, —u) dz dt
0

{O

T
+/ /,u V(Vu 4 Vul) : Vi/ew, dx dt—i—/ / p) div udiv /ewy, dx dt
0o Jo

—/ /Vsh~(vh+\ﬁwh—u) dz dt—/ /pé(p)divx/gwh dz dt
0o Ja 0 Jo

T
—/ /pf~\/éwhd:cdt
0 Q
+ \/EAresidual,2~

Proof. Testing the continuity equation (9) with vy, - \/ewy, + 3[v/ewn|?, we infer
1 2
I vh-\/gwh+§\ﬁwh| dx
Q
0
r d r d
—/ /p\/gwh~—vhdxdt—/ /p(vh—k\ﬁwh)-—ﬁwhdxdt
o Ja dt o Ja dt
T T
= / Vewy, - (pu - V)vy, dr dt +/ /(vh +Vewy) - (pu - V)Vewy, dx dt.
o Ja o Ja

Testing the momentum equation (8) with —+/ew;, gives
T

/pu \fwhdx

/ /pu —\fwhdxdt

——/ /pu-(u~V)ﬁwh dx dt—/T/pe(p)divﬁwh dx dt

/ / )(Vu + Vul) : Vew, dx dt+/ / p) divudiv ewy, dz dt

—/0 /pr-\/gwhdxdt.

Taking the sum of the two formulas as well as (14) multiplied by /€ yields the
desired result. g
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Lemma 10. Suppose that the assumptions of Theorem /4 are satisfied. We then

have for almost every T' > 0
T

/ —(p— 1)sn + 1L (ph + 51) — e (py) da
0

d
/ / “(pn + sn) — UL(pn)) Pr dx dt

—/ /pu-Vshdwdt

0 Jo
T

+/O /Q ((p—1) = L(pn + sn)) - (v - V)sp dx di
T .

Jr/0 /Q ((p—1) —I.(pn + sn)) dlj/g)h dx dt

n /OT [ =1 = 1t ) (G + o Vo) o

+ Aresidual,S-

Proof. Testing the continuity equation (9) with —sy, we infer
T

/ —(p— Vs + L (o + s1) — L (pn) da

0

/ / p—1) —shdmdt—/ / ph—i-sh)jshdxdt

d
// “(pn + sn) — O(pn ))dtphdxdt

—/ / pu - Vsy dx dt.
0 Q

Adding the formula in Lemma 8, the lemma is established. O

Recall the following two results from [19].

Lemma 11 (cf. [19, Lemma 8]). Let 7. : R — [0, 00] be a strictly convex function
with m(1) = 0. Denote by 11, the convex conjugate of m.(1+-). Then the estimates

me(p) <2(7e(p) = (p = Dp+ 1Le(p) ) + 11e(2p) — 211 (p)
and

lp—1—1(p)?

2 < 7T5(P) - (P - l)p + He(p)

—1-1r
I VA L6 ( sup (1 —em(s))+,

2e s€[1Ap,1Vp]

sup (1- ewg’<s>>+>

SE[IN1+1 (p),1V1+1I. (p)]

are satisfied for any p € [0,00) and any p € R.



16 JULIAN FISCHER

The following result corresponds to the estimate in [19, Equation (21)] with one
exception: In the present estimate, the first term on the right-hand side (i.e. the
yellow term) is stated in its original form (see the estimates preceding [19, Equation

(21)]).
Lemma 12. Suppose that the assumptions of Theorem /4 are satisfied. We then
have for any T >0

T T

D['Uhaphapv ]

- / L olon —ul? + m(p) — (p— Lpn + a(pn) de

// (vh — ) @ (vh — ) : Vo, dz dt

0

d
p—1)(vp —u) - (Chvh+(vhoV)vh+Vph—f> dx dt

T

p)| divoy, — divul|® do dt

_ /%‘(V@thVvh) (Vu+VuT)‘2 dz dt
Q
w [

0

)

|
A
J
!
oy

T
—|—/ /(uo + o) div(vy, — u) divwy, dx dt

/ / (1)) ((th+(vh V)ph> da dt

"‘/ / (ph + He(ph)) div vy, dz dt
0 Jo

— o)V, ((Vvh + Vo) — (Vu + VuT)) dx dt

_|_

o
2

(1(p)
(A(p) — Ao)(div o, — divu) divey, dz dt

2

T
- / / Pe (p) div Up dr dt + Aresiduah
0 Q

where Aresidual 18 given by

dt
L)

T
d :
Aresidual ::/ H(Uh - U) : (dt’(}h + (Uh : V)’Uh + Vpn, — f — po div y) ‘
0
T
4 [ oll9n = )l 9en — yllaco
0
We are now in position to prove our main result.

Proof of Theorem 4. By replacing the a posteriori estimate for the numerical error
in [19, Lemma 7] in the derivation of (16) by our estimate in Lemma 6, we obtain an
estimate for D[vy, pp, p, u] which almost coincides with the estimate (16); however
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now Ayesidual is replaced by Aresidquar,1 and additionally the terms

T T
- / / Vewy, - ivh dx dt — / / Vewy, - (v, - V)vy, do dt
0o Ja dt 0o Ja

T T
— / / oV, : Vi/ewy, dx dt — / / Vopn - Vewy, dx dt
0o Jo 0o Jo

+/OT/Qf-\/Ewhd;vdt

appear on the right-hand side. Adding the formula from Lemma 9 to this new
formula, we deduce

T
1
/ 3Plon + Vewy, — ul* +7e(p) = (p = V)pn + Uc(pr) da
Q

< Yellow + Green + Aresidual,l + \EAresidualQ

T
d
+/ /(pfl) (vp + Vewy, —u) - —+/ewy, dr dt
o Ja dt
T

0

d
(p—1)vewy, - TR dx dt

(17) + (p—1)(op — u) - (dvh+(vh-V)vh—|—Vph —f) de dt

dt

pe(p) div(vy, + Vewy,) dx dt

(p -1- H;(ph)) <c(litph + (vp, - V)ph> dx dt

(ph + He(ph)) div vy, + pp, div ewy, dx dt

(p=1)f - Vewy dz dt,

/)

/),

/),
/OT/QVSh~(vh+ﬁwhu)dxdt

),

/),

/),

where

p ((vp —u) @ (v, —u)) : Vo, do dt
(p — Dewy, - (vp, - V)vy, dz dt
(p— 1) (vn + Vewy, —u) - (vp - V)Vewy, dz dt

p (vp + Vewy, —u) - (Vewy, - Vv, dx dt
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T
+/ /(p — 1) (vp + Vew, —u) - (Vewy, - Vv, dx dt
0o Ja
T
+/ /p\/gwh-((u—vh)~V)vh dx dt
0o Jo

T
+ /p(vh+ﬁwh—u)-((u—vh)~V)\ﬁwh dz dt
Q

S~

and

~

(p

=

2
Green := — ‘(Vvh + Vol) = (Vu + VuT)’ dx dt

[\D ‘

!

S~ o~ o~ 5~ 55—

Ap)| div vy, — divu|? dz dt

T
(1(p) — po)Vuy, ((Vvh +Vol) — (Vu + VuT)> dx dt

S

(Mp) — Ao)(divoy, — divu) div oy, do dt

_|_

+
c— |o0— o— |5— |5—

+ (,uo + )\0) diV(’Uh — u) divwy, dx dt

T
— / / poV/ewy, : V(v + Vewy, —u) dz dt
0 Ja

T
- / / (Xo + po) div Vewy, div(vy, + vewy — u) dx dt
0o Jao

T
+/0 /Q(u(p)(Vu + Vul) — poVuy) : Vi/ewy, dz dt

T
+/ / Ap) divudiv ewy, dx dt.
0o Jo

Rearranging and using the identities
T
/ / o div /ewy, div(vy, + Vewy, — u) dz dt
0o Jo
T
— / / po(V/ewp)T = V (v, + Vewy, — u) dx dt =0
0 Ja

and
T T
/ / o div vy, div /ewy, dx dt — / / po(Vop)T : V/ewy, dz dt =0,
o Ja 0o Ja

we obtain

T 2
Green = — / / @‘(V?}h + Vo) — (Vu+ VUT)‘ dx dt
0o Jo

T
—/ / Ap)| div oy, — divul® dz dt
0o Jo
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T

_|_
S—
S~

; (1(p) — po) Vo, : ((Vvh + Vol — (Vu+ VuT)> dx dt

+
~

(Ap) — Xo)(divop, — divu) divey, dz dt

+
S

(o + Ao) div(v, — u) div vy, dz dt

!

w(p)(Vvewy, + Vew!) : V(v + ewy, —u) de dt

~

(u(p) — po)(V/ewy, + Vewl) : V(v + Vewy, — u) da dt

+

~

A p) div ewy, div(vy, + Vewy, —u) dx dt

_|_
~

(A(p) — Xo) div Vewy, div(v, + Vewy, — u) dz dt

!

w(p)(Vu + Vul) — (Vo + Vi) : Vi/ewy, dr dt

+

+
S

(1(p) — po)(Vup, + Vol') : Vi/ewy, dx dt

!

o div vy, div ewy, dz dt

+

~

Ap) div udiv v/ewy, dx dt

+

~

Ap) div vy, div ewy, dx dt

~

T~ T = P T = T s 5 T o

_|_

s~ === T = T~

(A(p) — o) div oy, div ewy, dz dt

T
+ / / Ao div vy, div /ewy, dz dt.
0o Jo

Simplifying, we get

Green

! 2
T / / @‘(Wh + Vewy + YV, + Vewy) — (Vu+ Vu®)| de dt
0 Q

T
7/ / )| div vy, + div Vewy, — divul|® do dt
0 Q

-l-/o /Q(/‘L(P) — p0)(Vp + Vews)

: ((Wh + Vifew, + Vol + V/ew?l) — (Vu + VuT)) dz dt
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/ / — o) div(vy + Vewy, — u) div(v, + Vewy,) dz dt

+ / / (o + o) div(vp, + Vewy, — u) div vy, dx dt.
0 Jo

Rearranging the yellow terms yields

Yellow = — /0 / p ((vn + Vewn, —u) @ (vp, + Vewn, —u)) : V(vp, + Vewy) dz dt

+/0 /vh+\fwh—u) (Vewy, - V)Vewy, d dt

_|_

T
| o= 1w+ Ve - (Ve ), do di

{O

T
—|—/ (p — Dvewy, - (vp, - Vv, dz dt
0

ZD

+/0 / —-1) Uth\[wh*U) (Uh'V)ﬁwh dx dt
+/0 /Q(P—l)(vh-%ﬁwh—u)~(ﬁwh'V)vh dzx dt.

Going back to formula (17), we add the gray term to the colorless terms and the last
four terms in the previous formula for Yellow to the colorless terms. Furthermore,
we insert the rearranged expression for Green in the formula and simplify the blue
terms using integration by parts. This gives

T

1
/ §P|Uh + Vewy, —ul’ + 7e(p) — (p — V)pp + Ue(pn) da
Q 0

—/0 /Qp ((vn, + Vewn —u) @ (v, + Vewy, —u)) : V(vp + Vewy,) dx dt

T
+/ /(vh + Vewp, —u) - (Vewy, - V)Vew, dr dt

T

+ (p = 1) (v + Vews —u)

o\o
n\{o

(jt vp + = \fwh+((vh+\/gwh)~V)(vh+\/Ewh)f) dz dt

(p—1)(vp —u) - Vpp, dx dt

2
(r) ‘(Vvh + Vewy, + Vol + Vyew]) — (Vu + VuT)‘ dx dt

Mp)| div vy, + div vewy, — divu|? dz dt

|

o\o\ﬂo\s

S~ o~ S—
‘t
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— p0)(Vop, + Vi/ewp,)

: ((Vvh + V/ew, + Vol + Vew?l) — (Vu + VuT)) dz dt

— o) div(vy + Vewy, — ) div(v, + Vewy,) dz dt

T
pe(p) div(vy, + Vewy,) dx dt — / / Vsp - (v + Vewy, —u) do dt
Q 0o Jo

o) o
oJ fow
+/O /Q(uomo)div(vﬁﬁwru)divvh de di
L
L

d r d
(p—1) (dph + (v, - V)ph> dx dt +/ / . (py)—pn dz dt
t o Ja dt

T
+ / / Dh (le vy, + div \/Ewh) dx dt + Aresidual,l + \/gAresidual,Q-
0 Q

Adding the formula from Lemma 10 and observing that several cancellations occur,
we infer

T
1

/ §P|Uh + Vewy, —ul’ + 7e(p) — (p— 1)(pn + sn) + Ue(pp + s) da

0 0

T
_/0 /Qp ((vn + Vewn —u) @ (vy + Vew, —u)) : V(v + Vewy,) dz dt

T
+/ /(vh + Vewp, —u) - (Vewy, - V)ewy, dr dt

T
/
0

o[ [
o
v

o[ [

T
/
0

p— 1) (vp + Vewy —u)

@\

((;lt Up + — \[wh+((vh+\ﬁwh)-V)(vh+ﬁwh)—f) dz dt

)(vp — u) - Vpy, dx dt

(p

=

2
Vvh + Vi/ewy, + Vol + V/ew?) — (Vu + VuT)‘ dr dt

w ‘

Ap)| div vy, 4 div Vewy, — divul? do dt

,uo)(Vvh + V\f'wh)

((Wh + Vew, + Vol + Vv/ew]) - (Vu+ VaT)) de dt

— o) div(vy + Vewy, — ) div(v, + Vewy,) dz dt

p\
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_|_
S

(po + o) div(vp, + Vewy, — u) divwy, dx dt

S

—1—ep. T
p—1=epelp) div ewy, dz dt —/ / pe(p) divoy, dz dt
0o Jo

+
hS

€

b

dx dt

di
Hle(ph + Sh) 1V Wp,

Ve

T
(v + Vewy,) dz dt+/0 /Q(pfl)(vhfu)oVSh dx dt

_
=

“(ph + sn)(vp - V)sy da dt

S

0. (pp + sn)(vp - V)py dx dt

!

\
S~ o o~ o~ o~ |~
<

_|_

pr(div oy, + div v/ewy,) dx dt

+ Aresidual,l + \ﬁAresidualﬂ + Aresidual,3-

Now add the second orange term to the second colorless term. We then add the
first blue term to the last orange term and integrate by parts in the resulting term
(writing down the final result without a color). Furthermore, we integrate by parts
in the first orange term and split the result into two colorless contributions. Finally
adding the third red term and the second blue term to the colorless terms, we
deduce

T

1

/ §P|Uh + Vewy, —ul’ + 7e(p) — (p— 1)(pn + sn) + Ue(pp + sp) da
Q 0

—/0 /Qp (v, + Vewn —u) @ (v, + Vewy, —u)) : V(vp + Vewy,) dx dt

T
+/ /(vh +Vewy, —u) - (Vewy - V)Vewy, dr dt

T
+/
0

e
g
b

p— 1) (vp + Vewy — u)

:,\

(jt e+ (on + Veun) - ) (un + Vun) - f ) d d
Y(vn —u) - (Vpp + Vsy) do dt

2
() Vvh—i—V\fwh—i—Vvh + Vyew]) — (Vu+VuT)‘ dx dt

Mp)| div vy, + div vewy, — divu|? dz dt

:>\:>\a\
m‘t
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(1(p) — po)(Vop + Vi/ewp,)

_|_
S
S

: ((Wh + Vifew, + Vol + V/ewl) — (Vu + VuT)) dz dt

T
+ (M(p) — o) div(vy, + Vewy — u) div(vy + Vewy,) dx dt
T
+ (po + Xo) div(vy, + Vewy, — u) div vy, dr dt
T J— —
+ p=l=epelp) div v/ewy, dz dt
€
d1V vy, dx dt — / / pe(p) - ) divwy, dx dt

+
b

M (pp + sp) div oy, dz dt

!

|

\o\ao\o\%o\o\;o\

S~ S~ o T~ o~ 5 — 5~
b

+

HI
<ph + sp — 7E(ph + 8h)> div vewy, dz dt
€

+
~

(pp + sp) divoy dz dt
0

+ Aresidual,l + \/EAresidualQ + Aresidual,3~

In the next step, we shift terms from the red terms to the colorless terms and the
other way around. Observing that

T T
/ / 0 (pn + sn)Vewy - V(pn + sp) dz dt +/ / . (pp + sp) div ewy, dz dt =0
0o Ja 0o Ja

and using the fact that ep.(p) — (p — 1) = (v — 1)emc(p) (recall (A4)), we infer

(18)
T

1
/ §p\vh +Vew, —ul? + 7 (p) — (p — 1) (pn + sn) + e(pp + s1) do
Q 0

T
—/0 /Qp (v, + Vewn —u) @ (v + Vewy, — ) : V(vp + Vewy,) dx dt
+/ /(vh + Vewp, —u) - (Vewy, - V)ewy, dx dt
/ / —1 vh—I—\fwh )( ’Uh-‘r \fwh
+ ((vp + ﬁwh) V) (vp + \ﬁwh) —f+Vp, + Vsh) dx dt
T
/ =TT (p + sp))ewn - (Vpn + Vi) da dt
r
-,

u(p
2

:a\b\

2
Wh + Vi/ewy, + Vol + VewT) — (Vu—i—VuT)’ dz dt
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~

S~ 55—

M p)| div vy, 4 div vew, — divu|? dz dt

+

:ﬁc\

(1(p) = po)(Vun + V/ewy,)

: ((Vuh + Vew, + Vol + Vyewl) — (Vu + vuT)) dz dt

+
~

(A(p) — Xo) div(vp, + Vewy, — u) div(vy, + Vewy,) dz dt

~

(o + Ao) div(vp, + Vewy, — u) div oy, do dt

+

~

+
_
I

7) (m(p) = (p= D) (pn + sn) + He(pn + sh)) div v/ewy, dz dt

+
S

o— — |o— |o— |o— t—

(L=9)(p—1—TL(pn + s1)) (pr + sn) div Vewy, dz dt

!

p—1—1I(pn + sn)
€

epe(p) — (p— 1) — eIl (pn + sn) + I (pn + 1) — €(pn + sn)
€

n /T/ (epn + €sp) — W (pn + sn) — (v — De(pn + sn) I, (pr + s1) + ve Le (pn + sp)
0 Q €

div vy, dx dt

~

S~ o o~ |~ o~ 5o~

divoy, dx dt

div v/ewy, dz dt

+ Aresidual,l + \/gAresidualQ + Aresidual,S-

Let us provide an estimate for the yellow terms. Note that we have by Lemma 11

/QWE(p) dx < Dm(ﬂ)a

where

Dy (p) = 2D[vy + Vewn, pr + s, p,u] + /Q e (2pn + 255) — 2 1Le (pn + sp) da.

Recalling Definition 2, we see that the yellow terms are bounded from above by
T 2
/ sup |V (v, + Vewn)|2 / plvn + Vew, —u|” da dt
0o Q
T
+/ / Vol + Vewn — ul - [(Vewy, - V)ews| du dt,
0o Ja
T
[ [ xocalt = Vllon + Veuwn — ul - |(Vewn - V)ewn] do
0o Ja

T
< / 25up [V (un + vewn)|2 Dlon + vewn, pn + sn, p ] dt
0 T

T
+ / \/2D[Uh + \/Ewh,ph =+ Sh, s u] ’ H(ﬁwh : V)\ﬁwhHLz(Q) dt
0
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3 2
€ Cw,eCQ,z 6

T
5 2
AfminTs /o [1(wn - V)wnl[zs () Pr. (o) dt

T
+ T5[me/ / IV (vp, + Vewy, —u)|* da dt,
0o Ja

where in the last step we have applied Holder’s inequality and Young’s inequality
to the third term and used the Sobolev embedding Hg (2) — L5(2) (recall also the
definition of Cj . in Definition 2). Note that the new four terms are present on the
right-hand side of (12), with the exception of the last term which is present on the
left-hand side.

The green terms in formula (18) may be estimated from above by

T ) 2
- / / Mmzm (1= 7)|(Vop + Vewy + Vo, + Vi/ewy) — (Vu+ Val)| de dt
0 Q

T
— / / ()\mm(l — To — ’7'4) — MminTS) | div vy, + div \/Ewh —div u|2 dz dt

/ / 1) = pol” \Voy, + V/ew,|* dx dt
2Hmzn 1

Alp
/ / A 75 7_2| | div(vp, + Vew)|? dx dt

A3 -
/ / (4,U/mzn7—3 4)\min7—4> | div Uh| d dt.

Note that (since we have [, Vg : (Vq)T dz = [, |divg|* dz for any ¢ € Hj (% R?))
the first and the second term in this estimate are equal to the terms

/ / Nmm - |Vvh + vfwh - VU|2 dx dt

— / / Amin (1 = T2 = 74) + frmin(1 — 73)) | div oy, + div Vewy, — divul? dz dt
Q

which are present on the left-hand side of (12), while the other terms in the previous
formula are bounded (due to Lemma 11) by

T
/ /%[(”e(p)*(pfl)(ph+5h)+ﬂe(ph+5h))
0o Jo T

+= (I (2pp, + 251) — 210 (pn + s1)) } |V + Vewy,|? da dt

N =

T
_|_/0 /QC%:‘E[(TrE(p)—(p—l)(ph+5h)+ﬂe(ph+5h))

= (Ie(2pn + 251) — 211, (pn + s1)) } | div(vp + Vewp)|? da dt

%N
/ / (4Mmzn7—3 4)\min74> |d1V Uh| dz dt.

DO =
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The last term is present in €7 _, , while the first two terms are bounded by corre-
sponding terms on the right-hand side of (12) (note that each of the two terms has

. . . 2 . 2
been split into two terms, one in &7 ,.; and one in &, ).

The second formula of Lemma 11 implies
lp = 1= (pn + sn)|?
S 26(7T€(p) - (p - 1)(ph + Sh) + He(ph + Sh))
+ G max(|p — 11, | L (pn + sn))|p — 1 = Ue(pp + 51
which yields
lp—1—=T(pn + sn)
< V2e(me(p) — (p— 1)(pn + 51n) + Ue(pn + 51))
+ y/min(L, Cr g max(lp — 11, | T (pn + s1)])lp — 1 — I, (pn + 51|

and therefore by Young’s inequality and absorption

3
21 — I (pn + sn)]

< V2e(me(p) — (p— 1)(pn + sn) + Le(pr + sn))
+ min(la Cﬂ',m,l max(|p - 1|7H2(ph + Sh)))‘p -1- Hé(ph + Sh)|

This gives
lp—1—1(pn + sn)|

< g\/%(we(p) —(p—1)(pn + sn) + Uc(pn + sn))

8 .
+ 3 wmax {mln{Cﬂ,m,ﬂp — 1,1} p — 1|, Croma| 1L (pr + sh)\g}

< g\/Qe(ﬂe(p) —(p—= 1) (pn + sn) + Ue(pn, + s1))

4
(19) + 3 wmax {Crm2eme(p), 2C m 1| 1L (ph + sh)\Q} )

Estimating the first two colorless terms in formula (18) using Holder’s inequality,
the Sobolev embedding H}(Q) — L5(£2), and Young’s inequality for the first term
and by applying the previous estimate to the second term, we get

T 2
/ Caae
0 4Mmin7-6

T
+ ,UminTG/ / |V (vp, + Vewy, —u)|* da dt
0o Ja

2

dt
L8/5(Q)

(o= 1) (5 (o0 VEwn) ) (on-+ vewn) = £+ Vo4 1))

T
+ / / L 2 0) — (= Don + 50) + Walpn + sn))|V/ewn - (Vpn + Vsn)| der dt
o Ja3

T
4
+ / / 3 max {C’mm,gewe(p), 2C: ma| OL (pn + sh)|2} |Vewy, - (Vpy + Vsp)| da dt.
0 Ja

Note that the second term is present on the left-hand side of (12), while the other
terms are bounded from above by (here we use the fact that |p — 1| < \/2emc(p) +
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(Ip =1 = 2eme(p)) . < V2eme(p) + \/Cr s (eme(p))®/® and the first estimate in
Lemma 11)

T 02 d 2
/ e—220 ( + (vp + Vewy) - V) (vn + Vewn) — f + V(pn + sn) Dr (p) dt
0 HMminTe dt L3(Q)
n /T C§22,2,6 c f€5/3D5/3
0 2Mmin7—6 ™ me(p)
d 2
o (45 + (o +ewn) 9 ) (o Vwn) =+ Vo + )|

T
4
+/ g\/QeD[vh + Vewn, pr + sh, pul|[Vewn - (Vpn + Vsi)||L2) dt
0

r 4C7r m,2
+/ 3 =€Dyr_(p) SUp |[Vewp, - (Vpn + Visp)| dt
0 e

T
807‘{' m
+/ / T”” Hl6 (ph + sh)|2|ﬁwh . (Vph + Vsh)\ dx dt.
0 Q

The last two terms and the second term are present in €7, , while the first and
the third term are included in €2, ;.

A bound for the red terms in (18) is given by

T
/ (’7_ 1)\/gsup(divwh)*D[vh+\/Ewh7ph+Sh7p7u] dt
0 z

r 4
[ [ =1 VIR (o= D+ o)+ L Gon 5n))|(on +50) v vVewn| da e
0 Q

T
4
[ [ o= 1) g max {Cromaeme(9). 2Cema| 1L (on + 50)}
0 Q

X|(pn + sp) div Vewy,| dz dt.

Note that the first term is contained in £ _ , , while the last two terms are bounded
by

T
4 .
/ (v—1)- geH(ph + s1,) divws||£2() \/QD[vh + Vewn, pp + sh, p,u] dt
0

T

4 .

+/ (v = 1) g sup|(pn + sp) div Vewn| - Cr 26D ) dt
0 x

r 8Cr,m
+/ /(7—1)7”1
0 Q

the latter two terms being included in €7, and the first one being part of £2,_,.;-

Finally, among the last three colorless terms in (18) the last one is present in
&2, and the other two are bounded by (recall that ep.(p)— (p—1) = (y—1)emc(p))

10 (ph + sn)*[(ph + sn) div Vewy| da dt,

T
/0 /Q %efl\/Ze(ﬂ'e(p) —(p = 1)(pn + sn) + Le(pn + sp))| div oy | dx dt

T
4
+/ / 3 max {C’mm,gm(p), QCW’m$16_1| 0. (pn + sh)|2} | div v | dx dt
o Jao
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_ /T/('y —1)e(p) divvy da dt

//€H (ph + sn) — H(ph+8h)+€(ph+8h)
Q

div vy, dx dt.

The last term is present in €7, , while the other terms are estimated from above
by

T .
. d
/0 S\/2Dlo - ews, pu+sn, ] ”W”}Dum dt

Ty
+ / gCﬂ7m72Dﬂ€(p) sup | div vp,| dt
0 x
T
+/ / Me_ﬂ 11 (pp, + sp)?| divvy| do dt
o Joa 3
T
+/ (v = 1)Dx.(py sup (div vy,) — dt.
0 x

The first term is included in €7, , while the other terms are present in £7 _, .

It remains to deal with the numerical errors A,csidgual,1; Aresidual,2 30d Aresiduat,3-
Making use of estimate (19), we see that an upper bound for the term A, csiduai,3

is given by
Ve dt

X g\/26(7fe(p) — (p= Do+ sn) + Uc(pp + sn)) do dt
div wy,

T d
4

X gmax{C’ﬂ,mzéWe(P)vQC m,

divw d
)Sh + " Zpn + (o - Vpn

(vn - V)sp + + (v - V)pa

I (pn + sh)|2} dx dt

which in turn is bounded by

div wy, d
\f/ Hsh—i— vp - V)sp + ﬁ} +dtph+(vh V)pn

X \/2D [vn + Vewn, pn + sn, p, u] dt

e Ul

Ty d
+ / =Crm2€Dy_(pysup | —-sp + (v, - V)sp, +
o 3 WPt

L2(Q)

diV’LUh d
NG +dtph+(vh V)pn

x | 1. (pp + Sh)|2 dx dt

)sh +

divw d
by tph+(vh V)pn| dt.

Je T d

while the first term is included

Note that the latter two terms are present in £7

in &2

num2*

.o0.t.?
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An upper bound for the term A,¢gigual,1 is given by

/ H(l_\/IB)Jr(Uh“"\/gwh_u)' (dtvh+(Uh'v)vh+vph—f—ﬂodwy> ’ dt
0 L1(Q)

T d
+/ H\/ﬁ(vh + Vewp, —u) - <dtvh + (vn - V)up +Vpp — f — 1o diVy) ‘

0 L(Q)

T
 Trtiomin / 19 (0n + Vewn — )] 2aqy dt
0

12 T
+ 70/ Von = yl|22 00y dt.
T o I 122

The penultimate term is present on the left-hand side of (12); the last term is
included in £2,,,;. The first two terms are bounded by

T
/0 101 = /A4 L2y lon + vewn — ull ooy

d .
X H%Uh + (v - V)on + Vpp — f — 1o ley’ Ly dt
T
+ / \/QD[vh + Vewn, py + sh, p, u]
0
d .
X ||=vn + (v - VYo + Vpr — f — podivy dt.

The latter term is included in &2 while the former term is bounded by

umls

T 1/2
/ (ECW,e/ Te(p) dw) -Ca 26
0 Q

X ”%Uh+(vh'v)vh+vljh —f—uodivy‘

|V (vn + Vewn — u)||L2(a)

L3(2)

which in turn is bounded by

T
- / 19 (0n + Vewn — )] 2aqy dt
0

2

dt.

+/T€C%’2’60mpw ( )Hivh‘f‘(vh'v)vh‘i‘vﬂz_f_MOdiVy‘
0 Pldt L3(Q)

4,Ufmin7—8

The first term is present on the left-hand side of (12), while the second term is
included in &7, .

Estimating the first term in Arcsiquar,2 completely analogously to the first term
in Aresidual,1, We see that \/€A,esidual,2 s bounded by

T
\ﬁ/ \/QD[’Uh + Vewy, pp + Sh, p, u]
0

d
X || =—wp + (’Uh . V)wh + (wh . V)Uh

dt

dt
L2()

—podivz — (o + Ao)Vitrz + %
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T
+ Trofimin / 19 (0n + Vewn — )] 2aqy dt
0

T 02, :Cre d
" / 6242’277.671;%5@) —wh + (vn - V)wp + (wp - V)op
0 min

dt

2
Vsh

dt
NG

L3()

— podivz — (o + Xo)Vitrz+

T
+ Toftmin / 19 (0 + Vew, —u)||22q dt
0

6/”L(2) 2
+ — V — dt
4Mmin7-9 A H on Z||L2(Q)

T
+ Amin i / [ div(on + vewn — u)|[2 0, dt
0

(Ao + po)?

T
4)\77”-”7'11 /O ||le W —tr ZH%z(Q) dt

Note that the second, the fourth, and the penultimate term are included on the
left-hand side of (12). The first, the fifth, and the last term are included in £2,,,,.

Finally, the third term is included in 5,2%0.&. (]

5. CONCLUDING REMARKS

In total, we have obtained rigorous a posteriori estimates for jointly the nu-
merical error and the modeling error for the higher-order approximation of the
compressible Navier-Stokes equation by the incompressible Navier-Stokes equation
and the equations of linearized acoustics. For well-behaved flows and solenoidal
approximations of the solution to the incompressible Navier-Stokes equation, our
estimates are of optimal order.

The implementation of our error estimates, possibly including model adaptivity,
will be the subject of future work. Another topic of interest could be to consider
the problem on the full space Q := R¢: For the approximation of the compress-
ible Navier-Stokes equation by the incompressible Navier-Stokes equation, we have
shown in the present paper that the leading-order part of the modeling error sat-
isfies the equations of linearized acoustics, which are a wave equation with wave
speed 1/4/e. We therefore expect this leading-order part of the error to be carried
away quickly from the region of interest in case @ = R?. This might lead to an
improved explicit error estimate in this case (compared to the estimates in [19])
even without solving the equations of linearized acoustics explicitly.
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