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Abstract

The goal of this article is to develop local discontinuous Galerkin (LDG) schemes for
solving a time fractional equation describing the ultrasonic wave in a homogeneous isotropic
porous material. Two novel semi-discrete LDG schemes are designed for the considered model.
The semi-discrete LDG schemes are constructed by splitting the original model into a cou-
pled system. The first semi-discrete scheme follows the traditional LDG method by splitting
second-order space derivative. The second one splits the original model for both time and
space derivatives. The discontinuous Galerkin is used for the spatial discretization. Two kinds
of fully discrete LDG schemes are presented by using the Griinwald-Letnikov and L1 approx-
imation formulas for the time fractional derivatives. The L? norm stability and convergence
analysis are carried out for both semi-discrete and fully discrete LDG schemes. The stability
analysis reveals that the numerical schemes are unconditionally stable in L? norm and con-
vergence with optimal convergence rate. Finally, numerical examples are presented to test the
effectiveness of the proposed schemes and the correctness of the theoretical analysis.

Keywords: local discontinuous Galerkin methods, ultrasonic propagation equation, sta-
bility, convergence.

1 Introduction

It is known that the wave equations play an important role in describing wave propagation phe-
nomena in various kinds of materials. Different kinds of wave equations are frequently constructed
in different physical situation, especially, in the sound propagation in the porous materials and soft
matter. To well understand the wave propagation in this kind of material, many quantities are
taken into account [1, 4, 17, 19]. Two important factors refer to the attenuation and dispersion of
the medium. Many experiments show that different factors can effect the attenuation of acoustic
wave propagation in porous materials, including diffusion, scattering and absorption (e.g., viscous
and relaxation). In solid-fluid media, to describe the interactions between the fluid and the struc-
ture, there are usually need consider two frequency dependent response factors which appear in
the attenuation functions [19, 15]. These functions are derived from the behavior of the fluid in
the free space as the frequency increases. For the components of the high frequencies, these factors
appear in the form of temporal convolution operators and their asymptotic expressions are given
by a fractional derivative in the time domain. The corresponding models involve the fractional
derivative which can rationally explain the relaxation and frequency dependence of waves. It is
widely used in describing wave propagation of porous materials, including air-saturated porous
media and fluid-saturated porous media. The pressure of ultrasonic in a dispersive medium with
a rigid frame can be depicted by the following ultrasonic propagation equation [12, 13, 14]

Auge(w,t) + BSD *u(z,t) + Cuy(w, t) = tga(z, 1), (1)
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where the coefficients A = %, B = a“’KVapfn (% + \/”%1\,) , C = %a and oCDf/2 denotes

the fractional operator .

P2 () — 1 Uss (T, 8)

0P = N Jy Vi
In time-domain ultrasonic propagation model (1), the parameter p; denotes the frame of density,
1 denotes the frame of density, v denotes the adiabatic constant, Pr denotes the Prandtl number,
Qs denotes the tortuosity, A and A’ are the characteristic lengths, and K, expresses the bulk
modulus of air. The time domain model (1) is derived by Fellah et al. in [12, 13, 14] based on the
two frequency response factors suggested by reference [19]. For its derivation and the analytical
solution of model (1) with special initial values, see [12, 13, 14].

Various of time fractional wave models have been derived and they have been widely used in
many fields, including geoscience, biology, rock and soil mechanics, see [12, 33, 23, 6, 41, 15, 35, 17|
and references therein. Numerical methods such as finite difference methods [34, 42, 28, 18, 27],
finite element methods [25, 20, 36] and spectral methods [30] have been developed for the numerical
solutions of time fractional diffusion-wave models. So far, only a few efficient numerical investi-
gation have been devoted to simulate the fractional wave propagation models. For example, by
using the Griinwald-Letnikov formula for time fractional derivative and central-difference approx-
imations for space variable, Carcione et al. [6] investigate the numerical results of Kjartansson’s
model. However, the detailed error estimates of the proposed algorithms are not given. Wilson
et al. [46] developed a time-domain formulation for sound propagation in rigid-frame porous me-
dia, including waveform attenuation and dispersion, and discussed the dispersive and attenuative
nature of sound propagation by finite-difference time-domain technique.

As one of high order numerical methods for fractional differential equations, the discontinuous
Galerkin (DG) method has been applied to solve the many kinds of fractional differential equations
[32, 44, 29, 21, 8, 10, 3, 26, 39, 48, 49]. In the meantime, different kinds of DG methods are
developed, see [5, 7, 16, 45, 40]. The use of these new DG methods for solving ultrasonic propagation
equation (1) has not been addressed. In this paper, we try to solve ultrasonic propagation equation
(1) in time domain by using local DG methods developed by Cockburn and Shu [7]. Different
from the existing works, the local DG schemes are presented by applying the characteristic of
fractional derivative. The integral and differential characteristics of Caputo fractional derivative
ensure we can split the original model into a coupled system of equations. The coupled system
contains two coupled low order equations which are similar to the Euler and constitutive equations
[1]. The semi-discrete and fully discrete local DG methods are designed for the coupled system.
The time fractional derivative in the new local DG formulation is approximated by both the
L1 approximation and shift weighted Griinwald-Letnikov formulas in the present fully discrete
schemes.

The outline of this article is as follows. In section 2, the stability of an initial boundary value
problem of fractional ultrasonic propagation equation is discussed. In Section 3, two kinds of semi-
discrete local DG methods are constructed for the considered model. And the stability and error
estimate of the semi-discrete numerical schemes are established. In Section 4, the two fully discrete
local DG schemes for equation (1) are established. The detailed theoretical analysis are provided
for the present full-discrete local DG schemes. Finally, in Section 5, some numerical examples that
confirm the theoretical analysis are presented.

ds.
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2 Stability of initial-boundary value problem

We begin by discussing the stability of for the considered model (1) subjects to the corresponding
initial and boundary conditions. Without loss of generality, we consider the initial-boundary value
problem
C 3/2

U + gD, U+ = Uy + fox € Q,t € (0,7,

uw(z,0) = ¢(z), u(z,0) = p(z),z € Q, (2)

u(z,t) = u(x + L, t),x € Q,
where Q = (0, L) is a bounded open subinterval of R, and f = f(x,t) is a known function. Let us

now define some suitable functional spaces which will be used in our theory analysis. Throughout
this paper, we denote LP(2) the Lebesgue space of p-integrable functions on ), equipped with the



norm |[ufl 1) = ( f% |u|pdx) /P Particularly, for p = 2, we denote the inner product and the
associated norm of L*(Q) by

(U(x),v(w))ZLU(w)v(w)d% lull = (u(@), uz))'/2.

Denote H™(2) be the classic Sobolev spaces equipped with related semi-norms and norms [11].
Let X be a real Banach function space, the space LP(0,T; X) and H'(0,T; X) denote the standard
Sobolev spaces, see [11].

Definition 1. Let v(t) be an absolutely integrable function defined on [0,t] and o > 0. The left
Riemann-Liowville fractional integral of function v(t) is defined by

1

oITu(t) = m/0 (t — )7 u(s)ds,

where I'(+) denotes the Gamma function.

Definition 2. [38] For a positive integer n, let v(t) € C™[0,t] and oo € (n—1,n). The left Caputo
fractional derivative is defined by

_ t — s)" 1y (5)ds
e L -9 (5)ds.

Lemma 1. [2] For function v(t)absolutely continuous on [0,t], holds the following inequality

§Do(t) = oI (0™ (1)) =

5500 W7 (0) < oD} (w(1), 0 < @ < 1. (3)

For the initial-boundary value problem (2), we have the following stability

Theorem 1. Let u(z,t) € L*(0,T; H(Q)) be the solution of problem (2), for t € [0,T], there
holds the prior estimate

luel® + llual® < e (llell® + g2 + 3/2 / 1/ (s)lds. (4)

Proof. By taking the inner product of (2) with 2u;, we have

2(uy + 5§Df/2u+ Up — g, ) =2 (f,ug).

Recalling
1d 1d,
(wer, ur) = 2dt||“zt|| (U, Ugt) = 2dt” Ug |
we deduce that d
3/2
(haell? + luall) + 2(5D; ur) + 2ljuell? = 2 (f,ur)

dt
By using Lemma 1, we can check that

( D3/2u ut) = ( D /Qut,ut) > ;CDl/Q

e |- (5)

Applying (5) and the Cauchy-Schwarz inequality, we get

dy(®) D2
3 oD (lwell®) < 2 @llwell < FE@* + lluell?,
where y(t) = ||ug]|? + ||uz|?. In view of ||ug||? < [Jug|?® + ||uz||?, we obtain
dy(t) | D2
T (luell?) < (&) + £ D11,

for t € [0, T]. Furthermore, integrating above inequality from 0 to ¢,

t t t
y(t) + / DY uy|Pds < y(0) + / y(s)ds + / 1£(8)]2ds,



Using the composite property of the Caputo fractional derivative and integral of v(t) [38, 50]

¢ t1=29(0)
CDa A Il—a 1.
/00 Suls)ds = gy +oli (D). 0 << (6)

we get

P el [ 2
y0)+ 0T () < 90) + oy + [ s)ds+ [ 176y P

1
Moreover, using the positivity of o7 (||u¢||?) and the Gronwall’s inequality [37, 11], we have (4). [

3 The semi-discrete local DG schemes

Now, we present and analyze a local discontinuous Galerkin method for problem (2). We use the
notations used in reference [7]. We first divide the domain © = [0, L] into N cells 0 = 15 < x3/5 <

- < xN—1/2 < l’N+1/2 = L. We define the mesh 7;L = {I] = ('rj—l/27xj+1/2)a ] = 17 2, ceey N} with
interval cell I; = (z;_1/2,%j41/2), j = (Tj_1/2 + Tj11/2)/2, and step hj = x40/ — j_1/2,h =
maxi<j<nh;. Furthermore, the finite element space is defined by

Vi = {Uh(x) cop(x) |1, € Pk(Ij),j =1,2,--- ,N},
where P¥(I;) denotes the set of all polynomials of degree at most k on cell I;. Let v|; 41,2 denotes
the values of the function v = v(z) at © = x;41/2, and 7)]+1/2, J+1/2 denote the left limit and
the right limit of the function v at the discontinuity point z;;/s, i.e., Uj_+1/2 = v (Tjq1)2) =
lim,_,o- v(2;41/2 + 5), and ’UJ+1/2 v (2j41)2) = limg_ o+ v(j41/2 + ).

To define the local DG method, we rewrite the factional wave equation given in (2) as the
following coupled system
3/2
Utt+oth/U+ut:pa:+fa (7)
p—u; =0.
The local DG method to the coupled system (7) gives: find (up,pn) € H'(0,T; VF)xL?(0,T; V}F)
such that
((Uh)mvh) + (CD uh,vh) LT ((un) t,vh) + (pm(vh)m)lj
(phvh )J—l—l + (phvh )j_7 ( hs 'Uh)] (8)
(ph,wh)lj + (uns (wn)z) ;= (@hwy )41 + (@wy);_1 =0,
(u(x,O), )Ij - (¢havh)1ja (Ut(ﬂf, ),’U ) (@havh)l )
for all (vp,wp) € HY(0,T;VF) x L?(0,T; V). The initial values up(x,0) = ¢n(r) € V¥ and
(up)e(x,0) = @p(x) € V¥ are approached by special projections of the exact initial conditions
u(z,0) and u.(z,0). This particular projection will be introduced later. The ‘hat’ terms in (8) are
the numerical probability density fluxes. We chose the alternating numerical fluxes [22]

ah = U;, ﬁh = p;—t (9)

Next, we present the stability and convergence analysis for the semi-discrete scheme (8) in L?-norm
sense. To do so, we follow the technique used by Cockburn and Shu [7]. In what follows, as the
distinction between inner product (-,-), we denote the inner product defined on cell I; as (-,)z,.

Theorem 2. The semi-discrete local DG scheme (8) with the numerical fluves (9) is L*-stable,
i.e.

)l + ol < (lnl® + Womal® + S0y [y spae). (10)

Proof. Taking the time derivative of the first equation in scheme (8), we denote
C3/2
Bj(un, pn;vn, wn) ::((U}z)ttvvh)lj + (§D; Ufu'Uh)Ij + ((Uh)t,vh)[j
+ (pn, (”h)ﬁ)[j - [(ﬁh")}:)j—k% - (ﬁhv}—f)j—%]
+ ((un)e, (wh)m)Ij + ((ph)t’wh)lj

- [((ah)t%)ﬁ% - ((ﬁh)tw;—f)j_%].



Then, scheme (8) can be rewritten as

Bj(un, pr; vns wn) = (fn,vn)1;- (11)
Taking vy, = (up)t, wn = pp, in (11), we have

3/2%, (un)t), + ((un)e, (un)e),

Bj(un, pr; (un)e, pn) =((un)ie, (uh)t)lj +(§D :
+ (s (un)ew) ;= [(Bn(un)y )i s — Bu(un)) ) 4]
+ ((Uh)ta (Ph)z ) + ((Ph)t»Ph)I
— [@nepy, )j+s — ((un )evy, j—%]

=(fn, (un)e)r; -

Summing index j over to N, and combining the numerical flux defined by (9), we have

J

N
B(un, pn; (un)e,pn) = Y Bj(un, pis (un)e, pn)

Using the periodic boundary condition given in (2) we have that the semi-discrete LDG scheme
(8) with the flux up, pp defined in (9), satisfies

3/2
((Uh)m (Uh)t) + (th/ Up, (Uh)t) + ((Uh)u (Uh)t) + ((ph)mph) = (fn, (un)t). (12)
or
1d 9 1/2 9
53z (ICwn)ell® + lIpal®) + (D" ((un)e), (un)e) + 1 un)ell* = (fn, (un)e)- (13)
Finally, using the Cauchy-Schwarz inequality, Lemma 1, and relation (6), with the similar
argument given in Theorem , we arrive at (10). O

Remembering the definition of Caputo fractional derivative given in Definition 2, we observe
that
(6% —
DY u(t) = oI} *(ur), 0 < o < 1,

and
EDMu(t) = §D; “(up) = o2 (uy), 1 < o < 2. (14)
Thus, we can also rewrite model (2) as the following coupled system
1/2

pt+oD p+p=us+y, (15)
— P2 =0,

where g(z,t) fo x,t)dz. In the formwork of (15), we get a new local discontinuous Galerkin
method of the system (L)), gives: find (up,pn) € HY(0,T;VF) x L2(0,T;ViF), for all (v, wy,) €
HY(0,T;V}F) x L?(0,T;V}F), such that

((Ph)mwh)f + (§D, )/ Prowh), + (Ph,wh)f + (un, (wh)x)lj
(g )y + @)y = (g.un)1,, (16)
((wn)esvn), + (Pn: (n)a) . — (Bhvy, )J+1 + (Prvy)j—1 =0,

(u(m,O),vh)Ij = (‘bh’vh)]j’ (ue(z,0), Uh)[j (@hvvh)g

For the initial conditions uy(x,0) = ¢5(z) € ViF and (up)i(z,0) = pn(x) € V¥, we use a special
projection of the exact initial conditions u(z,0) and u(z, 0) Wthh is the same as DG scheme (8).
In addition, we also chose (9) as the numerical fluxes.



Remark 1. Compared with the local DG procedure (8), we need the reqularity assumption us, = Uzt
in semi-discrete local DG scheme (16). The local DG procedure (16) works if provides the initial
value of pp(x,0), in actual calculations, we can use the second formula given in (15) to get pp(z,0),

i.e., pp(z,0) = fo up )t )dy.

Similar to the semi-discrete LDG scheme (8), we can prove the stability of numerical scheme
(16).

Theorem 3. (L2-stability) The semi-discrete LDG scheme (16) with the flux choice (9) is L2-
stable, i.e.

t
lunll + llpal® < llonl® + llpn (0)]> +/0 lgnlIds. (17)

Proof. We first prove that the semi-discrete LDG scheme (16) with the flux @y, ,pp defined in (9),
holds 12
((un)esun) + ((or)epr) + (D" (pr).pr) + (Prspr) = (gn. ). (18)

For simplicity, we denote
Bj(”haﬁh?“ha“’h) ::((Uh>tavh)[7, + (ph, (Uh)z)lj
= [Bn)j43(0n) 71 = Brvy);- ]

(19)
+ ((Ph)t,wh)I + (§D, )2 phywh) + (ph,wh)l
+ (un, (wa)a) = [(@nwy, )11 — (th;f)jfé]-
Then, scheme (16) can be rewritten as
Bj(un, pr; Vi, W) = (gh, wn)1; - (20)
Taking vy, = up, wp, = pp, in (20) and using the numerical flux defined by (9), we have
B;(un, pn;un, pn) :((Uh)tauh)lj + (pas (uh)m)lj
- [(PZ“}?);‘-;—% - (pZUZ)j_%]
1/2
+ ((ph)taph)]j + (§D, ph,ph) + (ph,ph),]
+ (Um(Ph)m)]j - [(“i:pﬁ)ﬂz “hph j*%]
:(gh»ph)lj~
Summing over all j, we obtain
N
B(un, ph; Uh, Dr) ZBJ (Uh, Pr; Un, Pn)
j=1
C 1/2
=((un)t,un) + ((pn)e; o) + (6D~ (pn), pn) + (P> pn)
— (o1 () vy — @ ()73
=(9h7ph)1j-
Using the periodic boundary condition given in (2), we arrive at (18) which equals to
1d 1/2
5 gz (lunll® + Ipal®) + (D, (1), pn) + lpall® = (91, pn)-
Moreover, using the Cauchy-Schwarz inequality and Lemma 1, we get
1
2 2 2
- — . 21
ol + ) + D} Ipnl) + 3 ol < 2 o (21)

Using relation (6), integrating inequality (21) from 0 to ¢, we have

ol + I+ 200 () + [ ol < Vonl® + Ion @17+ [ lonlPas.— (22)

Dropping the positive terms in (22), we arrive at (17). O



Remark 2. Particularly, if A=1,B =0,C =0 in model (1), we can get the prior estimate
[unll? + [lpnll* = [lun(0)]1* + P (0)],

which means the semi-discrete method (16) is the energy conservation which is consistent with
reference [47].

Now, we given the convergence of above semi-discrete schemes in L? norm. In order to give the
error estimates of present numerical schemes, we introduce the standard L? projection operator

(Prw(z) — w(z)),v(x));, =0,Yv e PM(I}), (23)
and the following two special projections operators [7]
(P w(@) — w(x)). v(@)), = 0.%0(x) € PYHL) Bruley,, ) = wlzgg),  (24)
(P w(z) —w(@)v(@)), = 0,Yv(x) € P71, Prw(a)_, ) = w(j-1/2). (25)
Lemma 2. [7, 16, 45] For projection operators IP%, the following estimate holds
lw = mawll + Allw — mwlloo + k¥ o = mwlie, < CHE o]l s, (26)

where T, =P, or IP)Z, C is a positive constant depending u and its derivatives but independent of
h, and 'y, denotes the set of boundary points of all cells.

To analysis the error estimates of the local DG schemes, we divide the error terms e and € into
two parts
=u—up =P u—up) — (P, u—u) =e,—ep, (27)
=p—pn=(Byp—pn) — (Pp—p) =2 —Ep.
where e = u — up, € = p — py. For the special projection of the initial conditions, using the similar
techniques given by reference [47], we have

Lemma 3. Assume the initial conditions of the LDG scheme (8) are given
up(x,0) =P, u(z,0), up(z,0) = Prus(x,0). (28)
there holds the following error estimate

ler (0)[1 = 0, [[en (0)[| < CH**, [lene (0)]] < CRFFY, (29)

and
(e, v)1, = 0,Yv € V. (30)

Proof. From Eq.(8), the error € satisfies
(e, wh>lj + (e, (wh)w)lj —(eTwy )1+ (e_w,f)];% =0, Yw, € VP,
By the properties of the projection P,’, we get
(e, wh)Ij + (en, (wh)x)lj — (e wy )jys + (ewy )1 = 0. (31)

In view of up(x,0) = P, u(z,0), we have (e, wy), = 0. Taking wy, = €(0) in Eq.(31), we obtain

120)]1* = (2(0), &(0)) = (&(0),er(0)) < 5llE(O)|* + %Ilsh(O)IIQ,

DN =

which yields
1) < [len(0)]] < CREF.

We can prove the other error estimate with the similar method, we omit it here. O



Theorem 4. Let (up,pp) to be the solutions of semi-discrete LDG scheme (8), and (u,p

exact solutions of system (7), the following error estimate holds
e (-, 1) = (un)e ()L < CREFL Ip(-, 1) = pa (- 1) < CRFY
where constant C' is independent of mesh step h.
Proof. With the notations used in Lemma 2, we directly get
B(un, pr; vn, wn) = (f,vn), ¥ vn,wn € ViY,

and
B(uapa ’U}“’LUh) = (f?vh)7 v Vp, Wh € Vh{€7

Subtracting (34) from (33), we obtain the error equation
Ble,e;vp,wp) =0, Y v, wy, € V;f.
Taking v, = ept, wp, = €, in (35), we get
Blen,en; (en)t, €n) = B(en,€n; (€n)t, €n)-

For the left side of Eq.(36), using the Eq.(12) in Lemma 2, we have

) be the

(32)

Blen,en; (en)i,en) = ((en)u, (en):) + (oCDf/Qem (en)e) + ((en)e, (en)e) + ((@n)e-en).

Obviously, the right of (36) can be written as

Blen, 2n; (en),@n) =((en)ens (en)e) + (D %en, (en)s) + ((n)er (en):)
N

+ (B (enea) = D [Er (en) )jas — En(en)i);—1]

Since (ept). and (€p), are polynomials of degree at most k — 1, applying the properties (24) and

(25) of the projections IP’%, we obtain

(?h, (eh)tx)lj =0 and ((th)t, (Eh)x)p =0.

The projections ]P’f implies
(en) 1= (]P’u)ﬁ_1 —u;p 1 =0 and (5}1);__% = (Pp)j_% —p;_1 =0.

Furthermore, applying the Cauchy’s inequality, Eq.(36) produces

i (en)e) + (ch/ 2(en), (en)s) + ((en)e, (en)e) + (@n)er )

((en)
1 3/2
< §||(5h)tt||2 IIOCD enl)?

2

From the Lemma 2, we conclude that

((en)s, (en)t) + (o DS/ (en), (en)e) + ((@n)r,en) < *||(@h) |2 + Ch* 2,

Using the inequality (3), we have

D—-‘Q

= (el + El?) + 567 (Ien)el) < Slen)al? + %+,

N | =

or

d _ 1/2
T (Ien)ell® + 12nll®) + 5D, " (I(en)ell®) < ll(en)ell* + CR*+2.

1 3 1 1,
+ S llCen)el® + §||(6h)t||2 + §||€h||2 + §||eh||2~



Combining the composite property (6) and by integrating the above inequality with respect to
time between 0 and ¢, we arrive at

, /
ICen)ell* + llenl® + ol (I (en)ell?) <(1+ W) I(en)e (0)] + [l (0)]1*

t
+ / (en)a ()]s + Cth?+2.
0

Using Lemma 3, and the positivity of integral term in Eq.(37), we have

t
ICen)ell + llenl® < / I(en)sl*ds + CTR?*+2.
0

Furthermore, using the Gronwall’s inequality [37, 11], we have
I(en)ell* + llenl® < Ce®n*+2.
Applying triangle inequality |le|| < |lex|| + |len|l, we get the desired results. O

Theorem 5. Let (up,pp) to be the solution of semi-discrete LDG scheme (16), and (u,p) be the
exact solutions of system (15), with the periodic boundary, the following error estimate holds

[u(-,t) = un(- Ol < CH*Y Ip(-, 1) = pa(-,1)|| < CREH, (37)
where constant C' is independent of mesh step h.

Proof. Using (19), we have
B(un, pn; vn, wn) = (gn, Wh), Yon, wp € V, (38)

and
B(U,p, ’U}“U}h) = (gh7wh)7vvh7wh € Vh- (39)

Subtracting (39) from (38), then we obtain the error equation
B(e, & vp,wp) = 0,Yop, wy, € Vg, (40)
where we denote e = u — up, e = p — p. Taking v, = ey, wy, =€, in (40), we get
Blep,en;en,en) = B(en,En;en, en). (41)
For the left side of (41), using the Eq. (12) in Lemma 2, we have

B(en, ensen,en) = ((en)t-en) + ((€n)t€n) + (gD:/z(Eh)Eh) + (€n.&n).

Obviously, the right of (41) can be written as

B(en,En; en, en) :((Eh)t,eh) + (?h, (eh)z) — Z [(E;e}:)jJr% — (g:e:)jf%]

Jj=1

2(@n), %) + (Bnoen)

+ ((n)e.en) + (§D
N
+ (en, (@n)z) — Z [(EZég)ﬂ-é - (5}:“’:)3'—%]'

Applying the properties (24) and (25) of the projections Pf, we obtain

SN /2, | _ _
((en) en) + ((en)e.n) + (th/ (en).en) + (€n.&n)
1. 1 3,._ 1 1/2,_ 1,
< el + Sllenl + SlEnll® + SISDL @I + 5 el
From the Lemma 2, we conclude that

1
((en)esen) + ((€n)e,en) + (gDz/zéh,éh) < §||€h|2 + Ch2++2,



Using the inequality (3), we have

1 1/2 1
(IlehH2 + llenl?) + CD / (lenl?) < illeth + Ch*F 2,

DO =
CL‘Q_,

Hence .
37 Ulenll® + len]®) < flenl)? + Cn**+2,

Combining the composite properties (6) and the definition of Riemann-Liouville fractional integral,
we arrive at

t t
||eh\|2+||éh||2s/ ||eh||2ds+/ ChP2gs,
0 0

Furthermore, using the classic Gronwall’s inequality [37, 11], we have
lenll® + lenl” < CeTh 2. (42)

Finally, combining (27), (42) and triangle inequality, we get error estimate (37). O

4 Fully discrete LDG schemes

Next we discrete the time variable in the semi-discrete scheme by virtue of efficient difference
approximations. Let 0 =ty < t; < - - <t, <tpy1 <--- <ty =T be the subdivision of the time
interval [0, 7], with the time step 7 = t,,11 — t,, and we denote v™ = v(t,). Adopt the following
notation at discrete time levels
1 vn-i—l — "
VT = Z(" "), Gt = ——— (43)
2 T
T S Yy . ROL s R R
2 = :

Pt = (44)

T T

For 1 < ar < 2, the linear interpolation formula of Caputo fractional derivative gives [30, 42]

11—« n—1
Cra _ T n j 0 n
oDy U(t)’t:tn “TG-a) |:GOQ - ;(an—j—l —an—j)Q — a1 Q" | + T},

where a; = (j + 1)*7% — 527, Q" = v(t,). It is proved that the truncation error 17 satisfy
(30, 42

T < com™% max .

| J | < ca te[0,tn)] | )‘
The constant ¢, is only dependent on parameter a. Discrete Q™ = vy(t,,) as Q™ = 9" + O(7),
omit the truncation error, we get

7_170( n—1 )
ng‘v(t)|t:tn = m {aoﬁtv” — ;(an_j_l — Gp—j)0p? — Ap_10,0°]. (45)

Let u}! and p} € V;¥ be the approximate solution of u(z, t,,) and p(z, t,,), respectively. Using the

discrete formula (45) to approximate the Caputo fractional derivative OCDf’ /2 and central difference
formula (44) to the second temporal derivative, we get the fully discrete DG scheme of the first
order system (8), i.e.,

(D2up+! o) - (CD/ u't oy, ), ; + (O +17'Uh) L+ (o, ('Uh)a:>lj
G )y + )y = ), 1 (46)
(pZJr ) h)[] + (“ZJF (wn) )1_7. - (ﬂ}f wy, )]Jrl + (up, up* }J{)jfé =0,
for all vy, wy, € V,f.
On the other hand, the relation of the Riemann-Liouville (RL) and Caputo fractional derivative
[38]

t—()t
v(0),0 < a < 1, (47)

EDF (1) = o D7 (v(8) — v(0)) = 0Df(t) = 5

10



suggests that we can discrete RL fractional derivative instead of Caputo ones. For a function
with homogeneous initial value, relation (47) gives the equivalence of RL and Caputo fractional
derivative. For the numerical approximation of RL fractional derivative, there are various kinds of
effective methods includes convolution quadrature, Griinwald-Letnikov (GL) approximation and
some variants [38, 24]. In order to develop second order approximation of the RL fractional
derivative, we employ the shifted GL approximation to the RL fractional derivative given by
[43, 39]

n+1
EDpo®),_, =7y w @ =) + TP 0<a <,
k=0
where 94 24
a (67 « a (0% o Q a
W = 2 o 20 O oy )
2 2 2
with gl(f) = (=1)#(%) for k > 0. And the truncation error satisfies [43]
T7 < Cq D2u(t)]. 49
771 < Car® . |oDF2(t) (19)
For simplify, the shifted GL approximation is abbreviated as
n+1
Dyt =17 Z w® (IR ), (50)
k=0
Lemma 4. [}3] Let {w(a) o be defined as in (48), then for any positive integer k and real vector
(v1,v,...,v,)T € R¥, it holds that
k—1 n

( wss)vn+1—m>vn+l Z 0.
0 m=0

3
I

Applying GL formula (50) to approach the fractional derivative ng: /2, we propose the fully
discrete local DG schemes of (16) as follows: find u},p! € V¥,

n 1/2 ‘i‘l —i—l +l
(Btp o )Ij + ( t/ pZ Q’wh)fj + (pZ 27wh)1j + (u: ? (wh)r)fj
—(@ )y + <A"*2w:>j-% = (g"*%,wn), (51)

(8tuh 7’Uh)1j + (ph ’(Uh)z)lj — (ph Uh )J+1 + (AnJrz +)]_

for all v, wy, € VIF, 5 =1,2,..., N. We take numerical flux to be @} = (u}})~, g} = (¢7)" with the
same choice of (9).

Theorem 6. For small time step 7, the fully discrete local DG scheme (51) of system (15) is
unconditional stability and holds

M—-1

nt+i
gl 47> g™ =, (52)
n=0

A" 1% + [lup” |* < Cu,

1
where Cyy o = 1+ T3 Sro w,(f).
1 1
Proof. Setting v, = ﬂuZJrz , Wy = pZJrz in (51) and summing over all elements, we obtain
1 (3) n+3 +3 +5  nt3
SR 4 Sl 2 4 i Zwk o) )
1 1 1
+TZ AR A B s U ERCHIY (s NUARD)

n
1 1
= D D+ (S wk el ) (g,
2 2 k h h
k=0

11



n n n ~n l n l . n l . l
where F(up 2, prt2) = (p T2~ (up T2 — (@) ) (p) ) — (u) )5 2), and

Oy 2, pr ) = () TR (W) 4 @)+ (w2

)
— o = @ W) E .

1
Recalling the numerical fluxes in (9), we have @(uh 2 ,pz+2) = 0. On the other hand, in view of
the periodic boundary condition given in (2), we get

+1 +1 +1
]+1/2 UZ 27]92 2)—-7:3'—1/2( ,pf 2)]:(1

Mz

J:1

1
In view of the positivity of Y ;_,w? (see [31]), application of Cauchy inequality gives

P12 + flup 2 + 203 ( Zwk e I e

1 +1 1
< pRll® + llup ) + 72 ( Zw MIPIZ + 72 llp 22 + rllg™ 2 1%

Summing up for 0 <n < M — 1 and using Lemma 4, we have (52). O

Theorem 7. Let (u(x,t,),p(x,t,)) be the exact solution of the system (15), (u},py) be the numer-
ical solution of the fully discrete LDG scheme (51), then there holds the following error estimates

lu(z,tn) —up|l < C(r% + h*h), |Ip(, ta) — pll < C(7° + 1*HY),n > 1, (53)
where C' is a constant depending on the reqularity of u but independent of T and h.
Proof. To simplify the notation, we decompose the errors as follows:

eu = Brulz,tn)) —uh — (Pru(z, tn) —u(z, tn)) = 1, — 0y,

h
= (PZP(%%) - pZ) - (Pzp(xvtn) - p(l‘,tn)) = 77;1? - 6‘;

The weak form of the coupled system (15) at (z,,,.1) can be rewritten as

"I &3

(3

(8tp(xvtn+%)v IJ + 7 % Zwk p (E,tn+ ) ) + (p(mvtn+%)vwh)1j

+(u(‘r7tn+%)a (wh) ) I ( ('T7tn+ )wh )j+% +( (xatn+§)w;)jf% =0,
(atu(xvtn+%)7vh)1j + (p(a77tn+§)a (Uh)ac)jj - (ﬁ(ZE?tn-}-%)v}:)]-}-% + (ﬁ(l‘vtn-ké)lu}-r)j—%
=0.

System (54) minus system (51), we can get the error equation

n
l 1
(8t6n+27 +7'7% Zw 2) wh) +(e$+2,wh)
Nk 0
1
+(GZ’+2’ Z 'u. wh j+l 7(6;7’4"»211)2/-)‘7 %] (8t6n+2, h)
j=1
N
+3 +f +3 4l
+(€Z 2 Z e Uh j+1 _(/e\;b 2 +)]7%:| :(Tn+27wh)~
j=1

0

Assume that no error is introduced in the initial value( i.e., e,, = 0), combining the numerical flux

12



given in (9),we have

@y 2) wn) + 72 (3wl T2 ) + (T )

ke
+(]8Vt (nu'2), Uh) + (2, (wn)z) + (7, (0n)a)

—Z n+2 wh)J+1 _ (,,,]Z+2)jil(’LUh);;%]

1 1
Taking vy, = e 2, wy, = n;,H_Q in (55), we get

1 n+3
SR + Sl + 7 Zwk w )

+
*II%HQ *Iln}}llz + T(T”“,nn ?)

+7'(6t(9$+ ),np +7- Zwk )0n+§fk GZJF%)
k=0

+T(?§+5mp DRI CAENCAEN
I (CAR U PR CA RN VAR
(@O )+ (0E (h)

N
D I (G MU P ) M Crasd he

Using the properties of projections Pf in Eq. (24) with (25), we can further get

1 +1 +1 n+1
IR + Sl 2 4 4 va D ) el

anunQ ||n;:||2+T<f“+2,n2+2>+f(at(ez+f) 2

(S PO ) O ) 4 (@) ).
k=0

Combining the Cauchy inequality and Young’s inequality, we have

1 1) n+d nt3
||77”+1||2 ||77"+1H2+72 Zwk TR ) 2

1 ~ ntl i 1y pal il
<Slnzll? + U2 4 a6y ) 12+ (3w et
k=0

+3 n+3 n+3 +3 +3
+ 70 2P+l + ||np P70 (0 7))

13



Using the equation (49) and Lemma 2, we obtain

+i-k n+ti
||nu+1||2 ||77”+1H2+T Zw< yetah ntay

_fllnp\l2 *an||2 *Ilnu+2||+0(r + RETL),

Summing up for n, and using Lemma 4, we have

- Z ” n+1||2 Z ” n+1||2
JVI 1

M—1
1
§Z”nu||2 lean|2 I3 (R ) + O (2
=0 n=0

Furthermore, above inequality can be written as

I” +

Nfl
1 n
fllnu 12+ IInp I <(5+ )Hnu anll2 ZH%II2 ||n i
n=1

+C(r2 + hF)?
Applying Lemma 3, we arrive at

M-—1
I 02+ 02 < 20 37 2 4+ O (7 + B2,

n=1

By virtue of classic discrete Grownall’s inequality [37], we have ||nM| < C(72 + h¥*1). Then
the desired result can be obtained by triangle inequality. O

5 Numerical experiments

In this section, we present an examples to validate the effectiveness of the two kinds of full discrete
local discontinuous methods investigated in previous sections. The comparison between full discrete
local discontinuous schemes (46) and (51) are measured in the L? norm. And the final time
T is taken as T = 1 in the numerical example. We consider problem (2) with exact solution
u(z,t) =tV sin(27zx) on finite domain @ = (0,1). The force term f(z,t) is calculated by the exact
solution with the corresponding initial-boundary conditions.

Firstly, we use the schemes (46) and (51) to solve problem (2) with smooth solution, i.e.,
~ = 3. Tables 1-3 display the computational errors and convergence orders in L%-norm for the
discrete local DG schemes (46) and (51). In Table 1, the numerical results is obtained by choosing
the different time step 7 with the P! element, and we take the space size h sufficiently small as
h =1/2000. We observe the expected convergence rate of scheme (51). The third column of Table
1 shows that the convergence rate of scheme (46) is O(7). In Tables 2-3, we list the numerical
results that calculated the convergence rate in space with Pk(k =0,1,2) elements. Here, we take
the space-time steps as 7 = h**! and 7 = h(*+1)/2 for schemes (46) and (51), respectively. The
numerical results show that the order of accuracy in time and space coincide with our theoretical
analysis very well.

Table 1: The L? errors and convergence orders of scheme (46) and scheme (51) for P! element
with & = 1/2000,7 = 3.

Scheme (46) Scheme (51)
|| - [-error | order | | -|-error | order
1/5 | 5.0164e-02 * 3.4866e-04 *
1/10 | 2.4845e-02 | 1.0137 | 1.2763e-04 | 1.4499
1/20 | 1.1776e-02 | 1.0771 | 3.2934e-05 | 1.9542
1/40 | 5.6086e-03 | 1.0701 | 8.3057e-06 | 1.9874
1/80 | 2.7134e-03 | 1.0475 | 2.1335e-06 | 1.9609
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Table 2: The L? errors and convergence orders of scheme (46) for different P* elements with
T =hkt1l ~ =3

0 pr P2

|| - l-error | order | | -[l-error | order | | -|-error | order
1/5 | 2.7810e-01 * 6.7699e-02 * 6.8549¢-03 *
1/10 | 1.3414e-01 | 1.0518 | 1.7074e-02 | 1.9873 | 8.7451e-04 | 2.9706
1/20 | 6.5965e-02 | 1.0240 | 4.2764e-03 | 1.9973 | 1.0989e-04 | 2.9925
1/40 | 3.2726e-02 | 1.0113 | 1.0696e-03 | 1.9994 | 1.3751e-05 | 2.9984

h

Table 3: The L? errors and convergence orders of scheme (51) for different P* elements with
T = h(k+1)/277 = 3.

P P? P?
| - ||-error order | || -[-error | order | - ||-error | order
1/5 1.1735e4-00 * 6.4446e-02 * 8.2638e-03 *
1/10 | 5.1205e-01 | 1.1965 | 1.6766e-02 | 1.9426 | 8.8156e-04 | 3.2287
1/20 | 1.7857e-01 | 1.5198 | 4.2333e-03 | 1.9857 | 1.0884e-04 | 3.0178
1/40 | 8.6859e-02 | 1.0397 | 1.0609e-03 | 1.9964 | 1.3375e-05 | 3.0249

h

Table 4: The L? errors and convergence orders of schemes (46) and (51) for P! element with
h =1/2000,v = 2.

Scheme (46) Scheme (51)
|| - [|-error | order | | -|-error | order
1/5 | 1.0574e-02 * 3.5121e-04 *
1/10 | 5.8509e-03 | 0.8537 | 3.4066e-04 | 0.0440
1/20 | 2.7058e-03 | 1.1126 | 1.3991e-04 | 1.2838
1/40 | 1.2358e-03 | 1.1306 | 5.1111e-05 | 1.4528
1/80 | 5.7308e-04 | 1.1087 | 1.8255e-05 | 1.4853

T

Secondly, we take v = 2 in exact solution to test requirements of the regularity of problem (2)
for the present numerical schemes. Table 4 display the computational error and convergence orders
of time direction. The numerical results show that local DG scheme (46) can get the theoretical
convergence rate. However, local DG scheme (51) can’t get our expected convergence rate O(72)
due to the low regularity of solution.

6 Conclusions

In this paper, we have presented two novel local DG methods to solve an ultrasonic propagation
equation in a porous material. The key idea to our methods is to write the ultrasonic propa-
gation equation as a coupled system. The first semi-discrete scheme is constructed by splitting
second-order space derivative. The second one is constructed by splitting for both time and space
derivatives. The main idea of second scheme is modified by the fractional feature. In the second
scheme, it is interesting see that the two coupled equations are similar to the Euler equation and
the law of the mass conservation. The coefficients of fractional approximation formulas are crucial
to ensure both the stability and convergence of the fully discrete schemes. For this purpose, we
adopt the L1 approximation and shift weighted Griinwald-Letnikov formulas to discrete the frac-
tional derivative. If the stability can be ensured, the semi-discrete schemes coupling with the high
order time discretizations of fractional derivative are also possible used to solve the considered
model. Due to above reason, the convergence rate of the first fully discrete scheme is only tested
by the numerical results, the details of theoretical analysis will be discussed in our further work.
And the numerical schemes discussed under the assumption that the model has smooth solution.
We will furthermore investigate the regularity of solution of the considered model, and investigate
the efficient time-stepping methods for ultrasonic propagation equation with non-smooth solution.
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