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Abstract. This paper concerns both the direct and inverse source problems for the stochastic multiterm time-
fractional diffusion-wave equation driven by a fractional Brownian motion. Regarding the direct
problem, the well-posedness is established and the regularity of the solution is characterized for the
equation. In the inverse problem, the uniqueness and instability are investigated on the determi-
nation of the diffusion coefficient in the random source. Furthermore, a reconstruction formula is
provided for the phaseless Fourier modes of the diffusion coefficient in the random source, based
on the variance of the boundary data. To reconstruct the time-dependent source function from its
phaseless Fourier modes, the PhaseLift algorithm, combined with a spectral cut-off regularization
technique, is employed to tackle the phase retrieval problem. The effectiveness of the proposed
method is demonstrated through numerical experiments.
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1. Introduction. Time-fractional differential equations (TFDEs) have a wide range of
applications across diverse fields, including mathematics, physics, engineering, biology, and
finance. They offer valuable tools for modeling complex phenomena characterized by memory
effects, nonlocal behaviors, and anomalous diffusion processes. A multitude of instances of
mathematical analyses, numerical studies, and practical applications of TFDEs can be found
in references such as [14, 28, 34, 36] and their associated citations. In certain applications, it
has been observed that the order of fractional derivatives in some models can vary within the
range of (0,2), as demonstrated in studies such as [5, 6]. To address these scenarios, researchers
have introduced the concept of distributed order TFDEs. A special case of the distributed
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order TFDE is the multiterm TFDE. Multiterm TFDEs provide a versatile framework to
model systems exhibiting multiple relaxation or memory time scales, which are common in
various natural phenomena.

In this paper, we consider the following stochastic multiterm time-fractional diffusion-wave
equation driven by a fractional Brownian motion (fBm):

n

Zaféku(:mt)_amtu(x?t):f(t)BH(x)v ($,t)€DXR+,
k=1
(1.1) u(z,0) =0, zeD,
Oru(x,0) =0, reD, if ape(1,2],
Opu(0,t) =0, u(1,t) =0, teRy,

where 0;"* denotes the Caputo fractional derivative with order ay, € (0,2] satisfying oy < ag <
<+ < ap and a3 < 2. The domain D := (0,1). The diffusion coefficient f, referred to as
the source function, is a deterministic function satisfying f(0) = 0. Here, B represents the
spatial fBm with a Hurst index H € (0,1), and B! represents the formal derivative of BH
with respect to the spatial variable x.

Extensive research has been undertaken on deterministic sources for multiterm TFDEs,
including both direct and inverse source problems. For instance, multivariate Mittag—Leffler
functions were utilized in [7] to represent solutions of the initial boundary value problem. In
[19], innovative techniques were introduced for deriving analytical solutions. The investigation
of well-posedness and long-term asymptotic behavior of the initial boundary value problem
was addressed in [24]. A strong maximum principle was established in [26], demonstrating
uniqueness in determining the temporal component of the source term. In [23], the authors
focused on the identification of time-dependent source terms using boundary data. In [20],
the spatially dependent sources were successfully recovered using final data.

Due to the inherent uncertainties in practical problems, researchers have directed con-
siderable attention to the investigation of stochastic models. In contrast to deterministic
inverse problems, stochastic inverse problems are confronted with additional challenges due
to the presence of randomness and uncertainty. Recently, significant progress has been made
in solving inverse random source problems related to TFDEs. Research efforts have mainly
focused on addressing two distinct categories of noise: time-dependent and spatial-dependent.
In the case of time-dependent noise, Niu, Helin, and Zhang [30] explored scenarios involving
a random source expressed as f(x)h(t) + g(z)B(t) by utilizing statistical information derived
from the final data. Expanding upon this line of research, Feng, Li, and Wang [11] broadened
the scope of their investigation to contain situations featuring a random source in the form
of f(x)h(t) +g(x)BH (t). Additionally, in [12, 25], the specific case involving a random source
f(x)(g1(t)+9g2(t)B(t)) was examined. Lassas, Li, and Zhang [22] studied the general case char-
acterized by a random source given by I9(fi(z)g1(t) + fo(x)g2(t)B(t)), where I? represents
the Riemann—Liouville fractional integral operator. In contrast, research on spatial-dependent
noise is relatively limited. An exception to this is the work of Gong et al. [16], where they
conducted a detailed analysis of a TFDE with « € (0,1), characterized by a random source
represented as f(t)B(z).
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This paper is dedicated to solving the problem (1.1) involving the multiterm TFDE with
the random source f(t)Bf(z). When the Hurst parameter H = 1, the fBm B () reduces
to the classical Brownian motion B(z), and the random source becomes f(t)B(z). The fBm
is utilized to describe complex systems with memory and long-range dependence, and it has
important applications in various fields, including hydrology and geophysics [21, 27|, financial
mathematics [1, 13], biomedical applications [17], and material science [10, 33]. Furthermore,
the multiterm TFDE considered here can also be reduced to the single-term case, i.e., the
classical TFDE with the fractional derivative order 0 < « < 2, which includes subdiffusion
(0 < a < 1), superdiffusion (1 < a < 2), and heat conduction (o = 1). Therefore, our
research can be viewed as an extension of the prior work presented in [16]. The central
challenge of our study lies in dealing with the complexities introduced by fBm. To date, there
is limited research on the inverse random source problem with a source driven by fBm. In
[11], an inverse random source problem was examined for the TFDE with 0 < a < 1, where
the random source was given as f(x)h(t) + g(z)B¥(t). To handle stochastic integration,
the moving average representation of fBm was employed to convert the variance of random
integrals into deterministic integrals. However, the integrals transformed using this technique
were notably complex, requiring the resolution of numerous singular integrals.

In this study, we adopt the harmonizable representation, as described in [9], to address
our problem. The harmonizable representation enables us to express the variance of random
integrals in a more concise manner. Utilizing a crucial modified isometry formula, as presented
in Lemma 3.4, we establish the well-posedness of the solution for the direct problem, which
is summarized in the following theorem.

Theorem 1.1. Assuming that f € S#*(Ry), the direct source problem (1.1) has a unique
solution u € L*(Q; #°2(Ry; L2(D))), which satisfies
(1.2) E | lul3pam,iz2(on] < Ol e,
where C' >0 is a constant depending only on H.

For the inverse problem, the uniqueness can be established for determining the phaseless

Fourier modes of f:
ol = (VO] *
— (5] R
Fel= (L2 er,
where V[-] denotes the variance of a random variable and R(w) is defined in (4.2). However,

the recovery of | f(w)]| is unstable, as stated in the following theorem.

Theorem 1.2. For H € [%,1) and |w| > 1, there exists a constant C > 0 independent of w
and H such that

R(w) < ¢ ‘i +21c?; ) |w| ™
< - ,7-[- 1nax7
sin(Tegpex) \1 - H a
HT'(2H)sin(H)
s

where Amax 1= max;=1.... n{o 1 a; #2} and cy := ( )% For H € (0, %), assuming

additionally that oy, <2, it holds that
lim R(w)=0.

|w|—00
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To validate our theoretical findings, we conduct numerical experiments for (1.1) with two
time-fractional terms, addressing cases of both subdiffusion and superdiffusion simultaneously.
Given that the available data is the modulus in the frequency domain and the problem is
inherently ill-posed, it necessitates the resolution of a phase retrieval problem. To address this
challenge, we adopt the PhaseLift algorithm, in conjunction with a spectral cut-off technique,
to reconstruct the source function. Our numerical results demonstrate the effectiveness of the
proposed method in handling both smooth and nonsmooth source functions.

This paper is structured as follows. Section 2 provides some necessary background infor-
mation to facilitate the main results. The well-posedness of the direct problem is demonstrated
in section 3. Section 4 provides a proof of uniqueness and a characterization of the ill-posed
nature of the inverse problem. In section 5, we introduce the PhaseLift method for solving the
inverse problem, supported by numerical examples to confirm the theoretical results. Finally,
in section 6, we conclude with a summary of our study and offer suggestions for future research
directions.

2. Preliminaries. In this section, we provide a brief introduction to fBm and the Caputo
fractional derivative.

2.1. Fractional Brownian motion. A centered Gaussian process B = {BH(z) : x ¢
R}, defined on a probability space that comprises a complete triple (Q2,F,P), is an fBm
characterized by a Hurst index H € (0, 1) when it exhibits the covariance function, as presented
in [31] or [35]:

1
Ri(w,y):=E [BY(@)B" (y)] = 5 (|«[*" + [y = |2 —y[*"), zyeR.

In order to streamline the formulation of moments for the stochastic integral, we introduce
a specific integral representation of BY in relation to a complex Gaussian measure defined
over the entire real line R.

Lemma 2.1 (cf. [35]). The fBm B with H € (0,1) has the integral representation given
by
(2.1) BH(a;):cH/

oo IAA[ 2

0 ei)xxil .

W), zeR,

where the constant cyy is given in Theorem 1.2 and W= W1 +iWs represents a complex Gauss-
ian measure. Here, W1 and Wy are independent Gaussian measures that are independently
scattered over Ry, and they satisfy the properties W1(A) = Wi(—A) and Wa(A) = —Wa(—A)
for any Borel set A of finite Lebesgue measure.

The expression presented in (2.1) is commonly referred to as the harmonizable represen-
tation, also known as the spectral representation (cf. [31]).

2.2. Caputo fractional derivative. For v € R \N, the vth order Caputo fractional deriv-
ative of a function v is denoted as
1

Y _ ! - n—V—lU(n)
o) = s [ (=9 (€)ae,
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where the Gamma function () = [ e ®s*ds, and n = [v] with [-] denoting the smallest
positive integer that is larger than or equal to v. If v € N, 97v(t) denotes the classical vth
order derivative, also denoted by v)(t) = Vv (t).

Next, we examine the Fourier transform of the Caputo fractional derivative.

Lemma 2.2 (cf. [8]). Let v € Ry, and consider a causal function v(t), where v(t) =0 for
t <0, and Zz;é v®)(0)] = 0 with n = [v]. Additionally, assume that v*)(t) has compact
support for all k = 0,...,n. Under these conditions, the fractional derivative 0fv of v is
well-defined in L?(R), and its Fourier transform satisfies

F10v())(w) = (iw)"d(w),

where O(w) == .Z[v(-)](w) denotes the Fourier transform of v.

Note that the complex number (iw)” may be multivalued when v is a fractional number.
Throughout, we always adopt its principal value and represent it as

()" =[] e %) = ] (cos () +sgn(@)isin (5 ))

where sgn(-) denotes the sign function.

3. The direct problem. This section establishes the well-posedness of the direct source
problem. First, we convert it into an equivalent problem in the frequency domain, where the
existence, uniqueness, and regularity of the mild solution are investigated. We then attain the
well-posedness of the time-domain problem (1.1).

3.1. The problem in the frequency domain. For a function v € L?(Ry), we consider
its zero extension outside of Ry, still denoted by w, such that its Fourier transform ¢ is
well-defined. Taking the Fourier transform of (1.1) and applying Lemma 2.2, we obtain the
following stochastic differential equation in the frequency domain, where x € D and w € R:

w(x,w) — i) iz, w) = — f(w)BH (x
1) Orsi,0) = 3 (1) i) = () B,
0,0(0,w) =0, u(l,w)=0,

n

where @ and f are the Fourier transforms of u and f with respect to t, respectively.
For simplicity, we denote

n n

(3.2)  s:= En:(jw)o‘k = Z \w|akei“§’“ sgn(w) _ Z |w]|*® (cos (%ak) + sgn(w)isin <%«k>) ;

k=1 k=1 k=1

which has the following properties.
Lemma 3.1. For the parameter s as defined in (3.2), it holds that s =0 if and only if w=0.

Furthermore,

5] > sin (T ) oo,

where amax 1S defined in Theorem 1.2.
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Proof. If w =0, it is evident that s = 0. It is adequate to demonstrate that w = 0 when
s=0.

Assuming, by contradiction, that w # 0, it is important to note that *5* € (0,7] and,
therefore, sin(*5%) > 0 for any a; € (0,2] and k=1,...,n. If

5= Z |ew] (cos < ) + sgn(w)isin (%)) =0,

then its imaginary part \s[s] must also be zero, i.e., S[s] = sgn(w)iy p_; |w|* sin(Tg:) = 0,
which implies that a; =2 for all £k =1,...,n. Substituting a; = 2 into the expression for s,
we obtain

S—Z|wl2cos = —nw? =0,

which leads to a contradiction to the assumption w # 0. We then establish the equivalence
between s =0 and w=0.
Next, we proceed to estimate the lower bound of |s|. Given that 0 < < e < -+ < ay, <2,

we have sin(™5%) >0,k =1,. — 1, and sin(™5=) > 0. Consequently, we can deduce
a o
15| > Ss]| = kz lw|® sin (%) > sin (” ;‘) oo e
which completes the proof. |

3.2. The Green function. Let G, (z,y) be the Green function of (3.1) for any fixed w € R.
It solves the following problem (cf. [16]):

ax:cGw(xyy) - SGw(xay) = 5(58 - y)v
aa:Gw(an) =0, Gw(lay) =0,

where z,y € D and the frequency s is given in (3.2). It is shown in [16] that the Green function
Gy (z,y) admits the following expression:

max{z, g}~ 1, w0,
(33) Gw(x7 y) = e\/g(x+y) + e\/§|x7w — e\/g(Qfxfy) — e\/§(27|x7y‘)
25 (L+ V) |

where we choose the principal value for /s = \s\ 3657 with arg(-) representing the argument

with a radiant principal value in (—7,7] to ensure that its real part R[y/s] >0 for w € R\ {0}.

Lemma 3.2. For any x € D, the Green function G, provided in (3.3) satisfies
SUPHGw(%')HLZ(D) <0, Sup||Gw”L2(D><D) <C.
weR weR

Additionally, as |s| — oo, the following inequalities hold:
1Gu (2, )llL2py) < Clsl ™2, [|GullLe(pxpy < Cls| ™2,

where C' denotes positive constants that are independent of w and x.
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Proof. Tt is only necessary to demonstrate that the above results apply to ||G. (7, )| r2(p),
as the results for |G| r2(pxp) follow directly.
If w=0, it is evident that for any x € D

v ! r—1)22r+1) 1
[Gole Wy = [ (= 1Pyt [ -1y == <

w

If w# 0, using (3.3) and noting the inequality for x,y € (0,1) (cf. [16, (3.4)]),
2RIVsl(z+y) 4 p2R(V5]le—yl 4 p2R[V5)(2—2—y) 4 o2R[V5](2—|z—y])
Vs (1+e2v5) |2 ’

(34)  [Gulwy)<

where R[-] denotes the real part of a complex number, we deduce from a simple calculation
that

1 eMlvel g

14 e2ve)2 R[]
1 eRIVsl 1

1+ e*RIVs] 4+ 2e2R1V5] cos <2§R[\/§] tan (ar%(s)» Rlv/s]
(3.5) =:|s|"'h (R[V3]) ,

where h is a positive function for any R[/s] > 0. Note that

1
IGute sy = [ 1Guto )Py <l

=|s|™!

ARV _
h (R = |
)

RIVS] 1 4 e4RIVA) 4 26201V cos (2?)?[\/5] tan (argQ(S)

(3.6) 1 eVl _q

R3] 1+ RVl — 22R(V3]
1 e2RVel 4

R3] 2R3 — 1

N

L2
RV

and limg, 5,0 b (R[/s]) = 1. Following the same procedure as in [16, Lemma 3.1], we can
obtain the uniform boundedness of the function h over [0,00). Hence,

—0, R[Vs]— oo,

(3.7) |Gu(@, )20y <Cls| 72, weR.

On the other hand, for any fixed x # y, when considering G, (x,y) as a function of s, it is
analytic with respect to s and is continuous at s =w =0, implying that

lim G, (x,y) = Go(x,y).
w—0
As a consequence,
1Gw(z, )20y <C, |8 <1,

which, together with (3.7), finishes the proof. [ |
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For the sake of convenience in notation, we introduce a function 7 G, defined in R x R
as follows:

0yGo(z,y), xeD, yel0,z)U(x,1],

0 otherwise.

TGy(x,y):= {

Lemma 3.3. The function 7 G, € L*(R x R) is uniformly bounded with respect to w € R,
satisfying

sup |7 Gyl 2 rxr) < C-
w€eR

Moreover, for any fived x € D, it holds that

sup || 7 Gu(z,-)|| L2 m) < C-
weR

In the above expressions, the positive constants denoted by C are independent of both w and
x.

Proof. It suffices to consider x,y € D. If w =0, then

0, ye][0,x],

7 Golw,y) = { 1, ye(z,1].

A simple calculation yields

1
|7 Gl ey = [ 1dy=1-2<1

T

and

1 1
1
17 Gollb sy = 17 Gollbspry = | [ 17duda = 3.

If w#0, then for x € D, y€[0,z)U (x,1], it holds that

e\/g(m'i'y) — Sgn(w — y)e\/glm_yl _|_ e\/g(Z_I_y) — Sgn(x — y)e\/g(Q_lm_yl)

yGw(-%"y): 2(14—62\/;)

Similarly, we may obtain from (3.4)—(3.5) that

< 1 eARIVEl _ 1
Tt evs)? RV

17 G, )17 my
1 eARVel 1
T 11 eIV 4 26200V cos (23%[\/5] tan (g;))) R[]
(3.8) — h (R[V/3))
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and

17 Culfaey = [ 17Gute Mgt [ L L (i),
D D’l—i—ez\/g‘ %[\/ﬂ

where h is defined in (3.5) and is uniformly bounded. Hence, there exists a constant C' > 0
independent of w and x such that

17 G, )72y S HRIVE) <O, 1T Gl T2 mmy < HRIVE]) < C,

which completes the proof. |

For any fixed » € D, we denote by Gu(x,-) the zero extension of Gy (x,-) outside of D.

Similarly, we denote @w(m, -) as the Fourier/zansform of Gy, (z,-) with respect to the second
variable and apply the same notation to .7 G (z,-). Recall the definition of the fractional
Sobolev space 7 (R) with v € R (cf. [29]),

@ ={ue 2 ®: [ (1416 0P <00 .

which is equipped with the norm

el gy = < [ aicey |a<<>|2dc)2

Based on the above notation, we establish the following It6 isometry type equality for the
stochastic integral of G, with respect to the fBm. This result is derived using a procedure
similar to the one employed in [9, Chapter 2.2].

Lemma 3.4. For any fized x € D and H € (0,1), the stochastic integral [, G,(z,y)dBH (y)
1s well-defined and satisfies

(3.9) E

/ Goo(a,y)AB (y)
D

’ Gu(, O
]:C%f e

where cpy is defined in Lemma 2.1.

Proof. For the case where H = 3 1 and ¢, = 5=, the result in (3.9) follows from the classical
[t6 isometry and Parseval’s theorem, which states that

/Ga:ydB ] /|G my|dy-/|éx§|d§

For H € (3,1), it is shown in [9, section 2.2, Case 1] that (3.9) holds if Go(z,-)e LY(R)N
L*(R) for any x € D. Given that Gy, (z,-) is supported in D and L?*(D) C L'(D), it is sufficient
to show that G, (z,-) € L?(D), which has already been demonstrated in Lemma 3.2.
For H € (0,%)7 we cannot directly apply the conclusion from [9, section 2.2, Case 2]
because G, (z,-) ¢ #*(R). In the following, we demonstrate that (3.9) still holds even under
a weaker regularity condition for G, (z,-).
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First, we assert that Gy (z,-) € #°2H(R) for any H € (0, 3). In fact, for any fixed € >0,
it follows from Plancherel’s theorem that

|éen]
RO
= [ 1+ 1P G (@, )2
R
- 14 1c2) 7 |G, O PAC + 1+c?)*
/(—e,e) ( ) ! /R\(—e €) ( )

1_g. -~
<(1+¢€)? HGw(ﬂﬁa')H%Z(R)+/ 9 <K|2 >
1 1 a—H 2
<2m (1+€) |G, |2y + ( + 1) /R y )rcr‘”‘HcGw(x,oPdc,

—-H

G, O)2dC

ig

M)

IC[2H |Gy (2, €)2dC

where |Gy (7, )|/ 12(p) < 00, as shown in Lemma 3.2, and

10) [ o

= [
R\(—¢,¢)

= [ g
R\(=¢€)

+ (Gw(%y)e_i@) ’;:z - /I1 9,G(x,y)e " ¥dy

= [ g
R\(—¢,¢)

= [ G 0) + TGl )] ¢
R\(—¢,¢)

2
gEe‘2H|Gw(x,0)!2+26_2H_1H=7Gw( 2oy < o0

based on Lemma 3.3.

Note that C§°(R) is dense in #3H(R) (cf. [2, Theorem 7.38]). Therefore, for the
previously claimed G, (z,-) € 2 T (R), there exists a sequence {¢n := ¢r }nen C C§e(R)
converging to G, (x,-) in the norm || - H%%’H(R)' Moreover, according to [9, (2.8)], (3.9) holds

for the sequence { [ ¢n(y)dB (y)}nen. Hence, we obtain

~ 2
[ / bu(y)dBH (y / bm(y)ABH (y ]—cH /R %(c‘zgﬂ(o\ ac

< [ [8a(0) = dm(O[ (1 fe1 e
R
= C%JHQZ)n - quHiip%—H(R)

2

T 1
[ Guee vy 1 [ Gulza)e vy 4
0 T

- / 0yGo(x, y)e Ydy
0
2

d¢

(Gt |

y=0

2

d¢

T 1
Gw(x,O)—i-/ e_icyOyGw(x,y)dy—i-/ e, G, (x,y)dy

0 T
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As a result, the sequence { [, czSn YdB (3))}nen converges in the mean square sense, and we
define the stochastic integral [, G, (z,y)dB (y) as the mean square limit of [, ¢n(y)dB (y).
Finally, we obtain

2
E /D Gu(w,y)AB ()| | =E / Gio(,)AB (y) ]—nlggo E[ / bu(y)dBY (y ]
n Go 2
= Jim i [ feetrac= [ |¢|(2€1C3’ .

where the last equality follows from

‘ QP /\Ga:cP

KPH 1 ‘C‘ZH 1

</ |6n(¢) — éw(:c,g“)| <|¢3n(g)| + Iéw(x,C)D IC[2H ¢
R
< ||pn — éw(:r:,-)ij%fH(R) <||¢n||jf%,H(R) + ||(~;w(x,.)‘|%%fH(R)> 0

as n— oo due to the convergence of {¢p fnen to Gu(z,-) in 22 1 (R). [ |

Corollary 3.5. For a given H € (0,1), the following inequality holds:

sup/ E
weRJ D
where C' is a positive constant depending only on H.

Proof. The result for H = % follows from Lemmas 3.2 and 3.4.
For H € (%, 1), utilizing Lemma 3.4, Plancherel’s theorem, and the observation

/ Gu(z,y)dB" (y)
D

2
]dxé(}’,

G, Q)] =

[ Gt dy\ < [ 16ulaw)] ay < ey Ve,

we have
]E [

02
(3.11) — (%2 + 2nch ) e W

2 = 9 2 5
ciomapion] e [ G@OR o [ GO,
/D B ] o /(—1,1) |¢[2H -t <t /]R\(—l,l) |¢[2H 1 ¢

< &G, )22 / ,C‘QH 4G+ Gl B,

which, together with Lemma 3.2, implies that

sup/ E
weR JD

/ Gu(z,y)dB" (y)
D

2
] do < Csuﬁ HGWH%Q(DxD) <C.
we
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For H € (0,3), it follows from Lemma 3.4 and (3.10) that

2 ~
E / Go(z,y)dB" (y) lzc%q / <P\ Gy (2, €)2dC
D (_17)
s / ¢ ¢ )P
R\(-1,1)
2
(3.12) < <||Gw(:v,-)H%2<D) + = [Gu(@,0) + 2|7 Gula, ->H%2(R>) -

Hence, Lemmas 3.2 and 3.3, in conjunction with the definition of G,(-,0), lead to

2
sup/IE /Gw(fv,y)dBH(y) ]dx
weRJ D D
< Csup ([|Gol7: G 02y + 17 Gull72
S weﬁ wllL2(Dx D) w\H»Y)lIz2(D) wllL2(Dx D)

N

C,

which concludes the proof. |

3.3. The well-posedness. Utilizing the Green function Gy (z,y), the boundary value
problem (3.1) has a unique mild solution in the form

(3.13) i(r,w) = — f(w) /D Gul(e.y)ABY(y), weR,

which satisfies the following regularity estimate.

Lemma 3.6. Let p >0 and f € P(Ry). The solution (3.13) of the stochastic differential
equation (3.1) satisfies

[ / )P ) B dw] <CUf s

where C' >0 is a constant depending only on H.
Proof. By Corollary 3.5, we have

B| [ 1yl es| = [ lrier [ &

gC’/R\(iw)pf(w)FdwgC/R(l%—|w2)p|f(w)\2dw:C||f||ifp(R+),

/ Goo(a,y)AB (y)
D

2
] daxdw

which completes the proof. |

Now, we are in a position to obtain the well-posedness of the original problem (1.1) based
on the equivalent problem (3.1) obtained through the Fourier transform.
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Proof of Theorem 1.1. The proof draws inspiration from [16]. Let {f(¢)}tcr be the zero
extension of {f(t)}icr,, as initially explained in section 3.1. For any = € D and ¢ € R, with
U(z,w) considered as the mild solution of (3.1), we define the inverse Fourier transform of

-/ R [/ Gw@,y)dBH(y)} (t—7)dr.

By Plancherel’s theorem and Lemma 3.6, we obtain 0,1, 921 € L?(Q; L?(D x R)) and

E [HﬁH?}K%R;LZ(D))} =E [/(1 + !w\2)2H (-, )HL2 dw]

<E [ [t dw} oE [ )it ) oy
+E[/ ) Hmdw} ClfPyce.

which also implies that the Caputo fractional derivative of @ with respect to the time ¢ is
properly defined.
Let u(x,t) be the restriction of u(z,t) to t belonging to the set of nonnegative real numbers,

U(z,w) as follows:

ie.,
u(x,t) :==1u(z,t)|er, -

It can be readily verified that, in a mean square sense, the function u defined as described
above is the unique mild solution of (1.1). It is clear to note that

u(x,0) =1u(x,0)=0, OJwu(x,0)=0wu(x,0)=0.
In addition, it also satisfies (1.2). [ ]
4. The inverse problem. In this section, our primary focus is on addressing the uniqueness
and instability in the reconstruction of the phaseless Fourier mode |f(w)] of the source function
f from the measured data {u(0,t)}+>0 at the observation point z = 0. To subsequently recover
|f(¢)] from |f(w)|, commonly referred to as the phase retrieval problem, we introduce and
employ the PhaseLift technique.

Evaluating (3.13) at x =0 and then taking the expected value and variance on both sides,
we deduce

(4.1) E[a(0,w)] =0, V[a(0,w)] = R(w)|f(w),

where R(w) is a critical constant depending on w and is given by
2]

Y- ]-7 W= Oa
Gw(()’ y) = e\/gy — 6\/5(2—7;)

Vs (1t e2vs)

(4.2) R(w) :=

/ G.(0,y)dB" (y)
D

Here, for any y € D, we have
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4.1. Uniqueness. It is clear to note from (4.1) that |f(w)| can be uniquely determined by
p V] (0,w)] >
4.3 = —— R

if R(w) > 0. In fact, as stated in the following lemma, the uniqueness mentioned here is
established.

Lemma 4.1. For H € (0,1), it holds for any w € R that R(w) > 0.
Proof. We have from Lemma 3.4 that

o [ 1Gu(0,0))

11Gu(0,¢
R =d [ 609 Gal0.0P

2
2
dC 2 Ch 0 C2H71 dC)

where éw (0,¢) with ¢ € (0,1) can be calculated as follows.

If w=0, it holds that
1 .
/ (y —1)e ¥dy
0
e ¢ —14i¢|" _ (cos(¢) = 1)* + (sin(¢) — ¢)?
CZ C4 ’
which, together with (COS(Q*lC)zﬂiin(O*OZ > 0 for any ¢ € (0,1), implies that

R(0) > cy /01 (cos(§) = 1)° + (sin(Q) = ) -

C2H+3

2 2

’éo(OaC))QZ

/ Go(0, )¢ Vdy
D
2

If w#0, it follows from a straightforward calculation that
Col0.0)= [ Gu(0.9)e vy
D
1 eVETIC 1 VIO _ g2V

= — + -

Vs (14+e2v5) | Vs—iC Vs +iC
25V /5(e2VE 1) +i¢(e2VE — 1)

Vs(1+e2Ve) (s +¢?)

For w # 0, i.e., s # 0, we assert that \éw(O,C)\ #0 for ¢ € [0,1]. In fact, if /s # 2n7i with
neZ\ {0}, then

2eVs _e2Vs
S (1 + 62\/5)

(5 17
S (1 + 62\/5)

1G.(0,0)] =

If \/s = 2nni with n € Z\ {0}, then eV® =1 and |G,(0,1)| = |%| > 0, which finishes the
assertion. As a result,

o [11Gu(0,0)2

R(w) > ¢y e d¢>0

due to the continuity of éw(O, -) in [0, 1] for w # 0. [ ]
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4.2. Instability. While the uniqueness of the reconstruction for |f(w)| is confirmed by
(4.3) and Lemma 4.1, the recovery process is unstable, as demonstrated in Theorem 1.2. In
this subsection, we always assume that |w| > 1.

Proof of Theorem 1.2. The proof is split into three cases: H = %, He (%, 1), and H € (0, %),
separately.
For H =1, it holds that R(w) = [|G,(0, )||L2(D C|s|7! from Lemma 3.2.

For H € (1,1), by utilizing (3.11) and Lemma 3.2, we obtain

2 2
‘H 2 2 ‘H 2 -1
a0 R (T2 2k ) 1600 <O (T2 4 2m )

Then, the result for the case H € [3,1) follows directly from the fact |s| > sin(Z%ex)|w|%m== as
given in Lemma 3.1.
For H € (0,1), the estimate (3.12) gives

2
R(w) < (\Gwm, Wizp) + Elem,O)P +2||7 G0, -)H%z@m) ,

1 eQ‘F ‘—1

, and

where HGW(O,')H%Q(D) <Ols|71, [Gw(0,0) =

17 G 0, )12 ry < 1 (R[V35]) <2 \%[\/é]rl, RVs] — oo,
according to (3.6) and (3.8). It then suffices to estimate |R[\/s]|~!. Note that

e e R R e

where
n
w|¥ cos ( Tk
s I e O8) na

cos(arg(s)) = = — cos——

n

e o M N e

k=1 I<i<jsn

as |w| — co. We then get

(4.5) R(w) < % <C <1+ }1[> Is| "'+ C|s| "z (COS(argz(S))H)_i‘) =0, |w|— oo,

which completes the proof. |

Theorem 1.2 implies that the reconstruction for |f(w)| using (4.3) is unstable. More
precisely, any small perturbation in the data V[a(0,w)] will be significantly amplified in the
reconstruction when |w| is sufficiently large. The degree of ill-posedness follows a polynomial
form of |w|~7, where

1
Qmax; He {571)7
7:
Qmax 1
. He (0,7).
2 2
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Based on the dependence of the estimates (4.4)—(4.5) on H, it indicates that, for both H €
(0, %) and H € [%, 1), the problem becomes increasingly unstable as H decreases. Furthermore,
for H € (0,3), if a, = 2, which is not covered by Theorem 1.2, the limit behavior of R(w)

remains uncertain due to the fact that lim,|_ cos(arg(s)) = —1 and thus
lim cos <zurg(s)) =0,
|w|—o00 2

which makes the limit behavior of |R[/s]| ™' =|s| 2| COS(%(S)”_l unclear as |w| — oco.
The following remarks provide some straightforward extensions of the present results.
Remark 4.2.

(i) It is notable that the recovery formula (4.3) remains independent of the observation
point. Specifically, the measured data {u(xo,t)}+>0 can be selected at any observation

point xg € [0, 1), leading to
s o (VIatzo,w)] ) ?
= (Tpemel)

where R(zo,w) := E[| [, Guw(zo,y)dBH (y)[?]. The instability estimate provided in
Theorem 1.2 remains valid for R(xg,w) under the same reasoning.

(ii) The framework can be extended to problems involving Robin or other boundary con-
ditions. In such cases, establishing estimates for the corresponding Green function and
adjusting the measured data accordingly are necessary.

5. Numerical experiments. As a representative example, we consider the two-term time-
fractional stochastic diffusion-wave equation

O u(x,t) 4+ 0% u(x,t) — Oppu(x,t) = f(t) B (x), (x,t) €D x (0,T],

(5.1) u(z,0) =0, zeD,
' Opu(z,0) =0, zeD, if age(1,2),
9,u(0,t) =0, u(1,t)=0, te 0,77,

where D = (0,1), T'> 0, and «; € (0,2) for i =1,2 with a1 < ae. To simplify notation, we use
the vector o := [, az.

To generate synthetic data, we employ the finite difference method presented in [37] to
discretize (5.1). The numerical solution, denoted as u(j, serves as an approximation of the exact
solution u(0,t,). Recognizing that observed data in practical scenarios are often subject to
contamination from various sources, we introduce the following noisy data model:

(5.2) uy =ug (L+en,), n=0,...,N,
where € > 0 represents the noise level, and {1, }n—0o,. ~ is a sequence of independent random
variables uniformly distributed in [—1,1]. The required data, denoted as g, ny =1,..., Ny,

is generated by performing a discrete Fourier transform on the noisy data {uy“}n—o. . n at
specific discrete frequencies {wy,, }T]:[::l. The details of the frequency selection process will be
presented in the numerical examples.
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Figure 1. The values of R(w) for (top) H=0.3, (middle) H=0.5, and (bottom) H = 0.7 with different cx.

N,

Ny=
using (4.3), combined with a regularization technique.
Nw

n,=

We propose a two-step method. First, the phaseless Fourier modes {| f¢(wy_ )|}
tained from the noisy data {ag~"“}n“_,
Second, the numerical approximation of | f (tn)w:o is reconstructed from {|f(wn,_ )|}

the PhaseLift algorithm.

| are ob-
1 using

5.1. Spectral cut-off regularization. It is shown in section 4.1 that | f(w)| can be uniquely
determined through (4.3). Nevertheless, the reconstruction is characterized as unstable, as
elaborated in section 4.2. Consequently, a spectral cut-off regularization is employed when

computing {| fe(wnw)]}ﬁjzl from the noisy data {ag~}2_; using the formula
: Viag- T\ ?
. RN I ) I T
53 Fandl= ()

To address this ill-posed problem more effectively, we define w,, = linspace(0, W, n,,), where W
serves as a regularization parameter. This choice removes high-frequency modes with w > W
from the noisy data.

Note that the second moment of the stochastic integral R(w) involved in (4.3) is indepen-
dent of the data and can be computed in advance. Figure 1 presents its values concerning w
for different values of H = 0.3,0.5,0.7. The graph illustrates that for a fixed H (resp., a),
the value of R(w) decreases more rapidly when «; (resp., H) is larger. It is evident that the
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choice of the regularization parameter W plays an essential role in the reconstruction, and its
selection will be detailed in the subsequent numerical examples.

5.2. Phaselift algorithm. Based on the phaseless Fourier modes {]f (an)|}n _, ob-
tained earlier, our next objective is to obtain the approximation {|f¢(¢,)|}2_, of {|f ()|},
from {|fe (an)‘}nw—l This problem, which involves reconstructing the signal at discrete
points from the magnitude of its discrete Fourier transform, is known as the discrete phase
retrieval problem [18, 32].

The phase retrieval problem is evidently ill-posed and notoriously challenging to solve. In
recent, years, many researchers have demonstrated that it can be reformulated as an optimiza-
tion problem. Consequently, several algorithms have been proposed to address this problem,
including PhaseLift [3], PhaseCut [38], and PhaseMax [15].

The PhaseLift algorithm is employed to address our discrete phase retrieval problem, which
comprises two primary components: multiple structured illumination and lifting. Multiple
structured illumination is designed to obtain additional measurements by utilizing masks,
optical gratings, or oblique illuminations artificially. Lifting is intended to reformulate the
problem as a semidefinite programming problem.

We employ masks {M;}i=1,. n, toimplement the multiple structured illumination. Each
mask, denoted as M; € RN*N for i = 1,...,N,,, is a diagonal matrix. Specifically, the first
mask, My = I, is chosen as the identity matrix. The diagonal entries of the other masks are
randomly set to 0 or 1 to create random diffraction patterns. By substituting the discrete
source function

fi=(f(to)s- - f(tn)) "
with sources using the masks, i.e.,
f=Mf, i=1,...,Np,
we obtain additional discrete solutions {*uf}'=\ "\ " and the noisy data {“"wg}zlleN
in the frequency domain. These can be utlhzed to derive more phaseless Fourier modes

{|ife (an)|}:z 1_’1’ . This procedure can be summarized as follows:
. 5.1 , 5.2 - — 5.3 -
(5.1) ’Lu6b (5.2) \ zu87€ ; zugmﬁ (5:3) |Zf€(wnw)| .
FDM noisy data DFT Spectral cutoff

We refer to [3, 16] for further details on the implementation of the PhaseLift method.
Additionally, we suggest consulting [4] for access to the specific code used in the PhaseLift
algorithm.

5.3. Numerical examples. In this subsection, we present two illustrative examples to
demonstrate the effectiveness of the numerical approach. In these numerical examples, the
values for the final time T, as well as the numbers of subintervals in time N and space M, are
set as follows: T = 47, N = 100, M = 128. Furthermore, to approximate the variance of the
solution in (5.3), we take a total of P sample paths. The specific choice for the parameter P
will be detailed in each individual numerical example.

Ezample 1. Consider a smooth function f(t) =sin(t) exp(—t/6).
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H=0.5, =[0.3,1.5], P=1000, W=0.57
T ¥

H=05, @=[0.3,1.5], P=1000, W=rr H=0.5, 0=[0.3,1.5], P=1000, W=2r
T

~— Exact solution ~— Exact solution
| —==-Numerical solution| 0.7 | —==-Numerical solution

.5

—— Exact solution
|—-=- Numerical solution 0.7

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
t t t

H=0.5, =[0.3,1.5], P=1000, W=5m H=0.5, 2=[0.3,1.5], P=1000, W=10r

—— Exact solution
| —=-—=-Numerical solution

H=0.5, 0=[0.3,1.5], P=1000, W=3r

—— Exact solution —— Exact soltion
| —-—-Numerical solution 07 J | —-—-Numerical solution 07

Figure 2. Ezample 1: Reconstruction of |f(t)| with varying values of W = 0.5x, w, 2w, 3w, b, 107w, while
keeping other parameters fized (H=0.5, a=10.3,1.5], P =1000, N,, =60, e=5%).

In Example 1, multiple tests are conducted to illustrate the impact of various parameters
on the numerical implementation. These parameters include the regularization parameter W,
the quantity of masks NV,,, the number of sample paths P, the Hurst parameter H, the order
« of the fractional derivative, and the noise level e.

Figure 2 presents the numerical results for the reconstruction of |f(¢)| in Example 1 with
different spectral cut-off regularization parameters, specifically W = 0.5x, 7, 27, 37, b, 107.
The remaining parameters are held constant: H =0.5, a =10.3,1.5], P =1000, N,, =60, and
€ =5%. The results demonstrate that the reconstruction quality undergoes deterioration when
W is excessively small, indicating insufficient information acquisition in the frequency domain,
or when it is excessively large, leading to instability in the inverse problem. Therefore, it is
crucial to select appropriate regularization parameters, tailored to the specific case at hand.
To guide this selection process, we refer to the values of R(w) plotted in Figure 1 in relation to
w. For a =10.2,0.3], Figure 1 shows that R(w) decays slowly as w increases, suggesting that
a relatively larger regularization parameter W should be chosen to ensure that the truncation
error remains sufficiently small. Conversely, for cases a = [0.3,1.5] and o = [1.1,1.5], R(w)
decays much faster, indicating that a smaller W would be adequate. In forthcoming numerical
tests, we adopt W = 107 for cases with @ = [0.2,0.3] and select W = 37 for those with
a=10.3,1.5] or [1.1,1.5].

In Figure 3, we investigate the impact of varying the number of masks, denoted as N,,, in
Example 1, while maintaining constant values for W =3n, H = 0.5, a =[0.3,1.5], P = 1000,
and € = 5%. The findings illustrate the necessity of employing a sufficient number of masks
to ensure the acquisition of an adequate quantity of diffraction patterns, thereby enabling an
accurate reconstruction. Based on the numerical results depicted in Figure 3, for subsequent
numerical tests, we always choose N,, = 60.
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H=05, a=[0.3,1.5], P=1000, N, =10 H=05, a=[0.3,1.5], P=1000, N, =20 H=05, a=[0.3,1.5], P=1000, N =30
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Figure 3. Ezample 1: Reconstruction of |f(t)| with varying values of Ny =10:10: 60, while keeping other
parameters fized (H =0.5, a =1[0.3,1.5], P =1000, W = 3w, e=5%).
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Figure 4. Ezample 1: Reconstruction of |f(t)| with varying values of P =10,100,1000, while keeping other
parameters fized (H=0.5, a =1[0.3,1.5], W =3m, N,, =60, e=5%).

Figure 4 displays the numerical results of the reconstruction of |f(¢)| in Example 1 under
different sample path quantities, denoted as P = 10,100, 1000, while maintaining fixed values
for H=0.5, a =[0.3,1.5], W = 3w, N,;, = 60, and € = 5%. The observations indicate that
the quality of reconstruction improves as more sample paths are employed to approximate
the solution’s variance, aligning with the principles of the law of large numbers. Notably, the
numerical results suggest that a satisfactory level of reconstruction is already achieved with
the choice of P =1000. Consequently, we use P = 1000 as the fixed sample path quantity in
subsequent experiments.

Figures 5-7 depict the influence of parameters H = 0.3,0.5,0.7, o = [0.2,0.3], [0.3,1.5],
[1.1,1.5], and € = 1%,5%,10%, while keeping W, N,,, and P fixed, as previously specified.
Upon examination of the subfigures within each row, it becomes evident that, for fixed values
of H and «a, the results exhibit relatively higher quality when the noise level, €, is reduced.
Likewise, within each column of these figures, when both H and € are held constants, decreas-
ing the value of a leads to improved results. These trends align with the prior theoretical
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Figure 5. Example 1: Reconstruction of | f(t)| with different levels of noise: (left) e =1%, (middle) e = 5%,
and (right) e = 10%, while varying the values of o under the constant Hurst parameter H =0.3.

analysis. Furthermore, through a comparative assessment of the results at corresponding po-
sitions in Figures 57, it appears that the outcomes are less sensitive to variations in the Hurst
index H when compared to alterations in other parameters.

Ezxample 2. Consider a discontinuous function

0, tel0,4n/5),

2,  te[an/5,87/5),
f(t)=1¢0.5, te[8r/5,127n/5),

1.5, te[12n/5,167/5),

0, te[l6m/5,4m).

This example was also examined in [16], and it is challenging to reconstruct due to the
presence of infinitely many Fourier modes, with the corresponding Fourier coefficients decay-
ing slowly. In this example, we will not provide a detailed investigation of the impact of
various parameters on the reconstruction, as the findings are similar to those in Example 1.
Instead, we present the results using carefully chosen representative parameter values. In
Figure 8, numerical results showing the reconstruction of |f(¢)| in Example 2 are presented.
The parameters used for this representation include H =0.7, a =[1.1,1.5], W =37, N,,, = 60,

Copyright (©) by SIAM and ASA. Unauthorized reproduction of this article is prohibited.



Downloaded 09/15/25 to 124.16.148.14 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

AN INVERSE SOURCE PROBLEM 539

H=05, 0=[02,0.3], c=1%

—— Exact olution
07 . === Numerical solution 07

0.6

H=05, 0=[02,0.3], ¢=5%

— Exact solution
| ====Numerical solution 0.7

H=0.5, 0=[0.2,0.3], ¢=10%

~— Exact solution
| ====Numerical solution

o
o

The value of [f(t)]
o o
2 2

The value of [f(t)|
The value of [f(t)|
g

02

14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
t t t

H=05, 0=[0.3,1.5], e=1% H=05, 0=[0.3,15], e=5% H=0.5, 0=[0.3,1.5], e=10%

—— Exact solution —— Exact solution —— Exact solution
07 h |—-—- Numerical solution 07r F |—-—-Numerical solution 07 |—-—- Numerical solution

o
5

Thevalue of [f(t)|
o o
& %

The value of [f(t)|
The value of [f(t)|

14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
t t t

H=05, a=[11,15], e=1% H=05, o=[11,15], e=5% H=05, a=[1.1,15], ¢=10%

» —— Exact solution —— Exact solution —— Exact solution
0.7 & | —===Numerical solution 07 | = === Numerical solution 0.7 | ===~ Numerical solution

The value of [f(t)]
o
IS

The value of [f(t)
o
IS

The value of [f(t)|
o
IS

Figure 6. Example 1: Reconstruction of | f(t)| with different levels of noise: (left) e =1%, (middle) e = 5%,
and (right) e = 10%, while varying the values o under the constant Hurst parameter H =0.5.

P = 1000, and varying noise levels € = 1%,5%,10%. Despite the emergence of the Gibbs
phenomenon, a common occurrence when recovering discontinuous functions through Fourier
transform based methods, the proposed algorithm demonstrates strong performance in han-
dling the discontinuous case.

6. Conclusion. This paper addresses both the direct and inverse source problems asso-
ciated with the stochastic multiterm time-fractional diffusion-wave equation. Regarding the
direct random source problem, the well-posedness is obtained by demonstrating the well-
posedness of its counterpart in the frequency domain. Furthermore, an analysis is conducted
concerning the uniqueness and instability of the inverse random source problem in the fre-
quency domain. To reconstruct the source function in the time domain, the PhaseLift method,
combined with the spectral cut-off regularization technique, is utilized for numerical imple-
mentation. The numerical results validate the effectiveness of the proposed method.

This work expands upon existing results related to inverse random source problems for
stochastic time-fractional differential equations, addressing more general cases. Specifically, it
contains (1) subdiffusion cases with a; € (0,1), superdiffusion cases with a; € (1,2), and the
classical diffusion case «; = 1, and (2) spatial random noise, which can be represented by fBm
noise with H € (0,1) as opposed to the traditional Gaussian white noise with H = % Several
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Figure 7. Example 1: Reconstruction of | f(t)| with different levels of noise: (left) e =1%, (middle) e = 5%,
and (right) e = 10%, while varying the values o under the constant Hurst parameter H =0.7.
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Figure 8. Fzample 2: Reconstruction of |f(t)| with different combinations: (left) e =1%, (middle) e =5%,
and (right) e =10%, under the constant Hurst parameter H =0.7 and o = [1.1,1.5].

challenges remain unresolved, including inverse random source problems in higher dimensions,
and inverse random potential problems for time-dependent stochastic partial differential equa-
tions, among others. In higher-dimensional cases, establishing a modified isometry formula
similar to the one in Lemma 3.4 becomes significantly more challenging. For inverse problems
involving random potentials, additional linearization techniques will need to be applied to
address these nonlinear inverse problems effectively. We anticipate providing updates on our
progress in addressing these challenges in future publications.
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