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Ultralight dark matter (ULDM) is proposed as a theoretical candidate of dark matter particles with
masses of approximately 10−22 eV. The interactions between ULDM particles and standard model particles
would cause variations in pulse arrival times of millisecond pulsars, which means that the pulsar timing
array (PTA) can be used to indirectly detect ULDM. In this Letter, we use the gamma-ray PTA composed of
29 millisecond pulsars observed by the Fermi Large Area Telescope (Fermi-LAT) to test four ULDM
effects, including gravitational effects for generalized ULDM with different spin-0=1, the fifth-force
coupling effect of dark photons, and the modified gravitational effect of the spin-2 ULDM. The gamma-ray
pulsar timing is not affected by the ionized interstellar medium and suffers relatively simple noises, unlike
that of the radio band. Our work is the first time that the gamma-ray PTA has been used to search for the
ULDM. No significant signals of ULDM are found based on the Fermi-LAT PTA for all four kinds of
ULDM models. Constraints on ULDM parameters are set with the 95% confidence level, which provides a
complementary check of the nondetection of ULDM for radio PTAs and direct detection experiments.
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I. INTRODUCTION

Dark matter (DM) is believed to make up almost a quarter
of the total energyof the currentUniverse,which ismore than
5 times of ordinary visible matter [1]. Theoretical physicists
have proposed various hypothetical particles as dark matter
candidates, such as weakly interacting massive particles [2],
axions [3], sterile neutrinos [4], and dark photons [5]. The
masses of these proposed dark matter particles span a broad
range from below 10−22 eV to above TeV.
Here, we focus on the ultralight dark matter (ULDM)

with the mass of ∼10−22 eV, whose de Broglie wavelength
is up to the sub-Galactic scale (∼1 kpc). Compared with
other dark matter candidates, ULDM have the advantage in
forecasting small-scale structures consistent with observa-
tions [6–13]. ULDM models can be roughly classified by
the spin of the particle: (1) the spin-0 (scalar or pseudo-
scalar) ULDM case, like ultralight axionlike scalar field
dark matter [14–18]; (2) the spin-1 (vector) ULDM case,
especially ultralight dark photons (DPs) [19–23]; and
(3) the spin-2 (tensor) ULDM case [24–26]. Because of
the macroscopic de Broglie wavelength, the gravitational

effect of generalized spin-0=1 ULDM and the coupling
effect (usually dubbed as the fifth force) of dark photons
with spin-1 would cause oscillations of Earth and pulsars.
For the spin-2 ULDM, photons propagating from pulsars to
Earth would be affected by the modified gravitational effect
and follow the geodesics of the new metric related to the
surrounding spin-2 ULDM field. These effects for all these
cases would result in monochromatic periodical variations
in the pulse arrival time and provide an interesting method
to probe ULDM with the pulsar timing array (PTA).
Though another multifield ULDM scenario has also been
discussed for a wideband spectrum in Ref. [27], here we
mainly focus on the monochromatic signal induced by
ULDM in the nanohertz range using the PTA dataset. In
addition to the PTA, Ref. [28] innovatively proposed
utilizing photon ring astrometry from the Event Horizon
Telescope to detect the presence of the ULDM.
ThePTAexperiments have been continuouslymonitoring a

series of highly stable millisecond pulsars (MSPs) for more
than a decade and accurately recording the arrival times of
their periodic electromagnetic pulses. Gravitational perturba-
tions could inducevariations in the time that pulses take froma
millisecond pulsar to Earth. Therefore, PTA is designed to be
an excellent detector for nanohertz-frequency gravitational
perturbations from thegravitationalwave background (GWB)
and the single gravitational wave event, and also for the
oscillations induced by ULDM [29–39]. The traditional PTA
projects are generally at the radio wavelength: the Parkes
pulsar timing array (PPTA) in Australia [40,41], the European
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pulsar timing array [42,43], the North American Nanohertz
Observatory for Gravitational Waves [44,45], and that for the
500-m aperture spherical radio telescope [46,47]. Recently, a
gamma-rayPTAhas recently been constructed from theFermi
large area telescope (Fermi-LAT) data for searching GWB
from merging supermassive black hole binaries [48], which
can provide an independent and complementary check for
radio PTAs. Also, the gamma-ray PTA has the advantage that
it would not involve the uncertainty from the effect of the
ionized interstellar medium (IISM) on the propagating path of
photons, which can induce additional noises in radio PTAs. In
this Letter, the public timing data of the Fermi-LAT PTA1 are
adopted to search for the signals produced by the coherent
oscillation effect of ULDM particles with different spin,2

including the gravitational effects for the spin-0=1 ULDM,
the fifth-force effect of spin-1 dark photons, and the modified
gravitational effect for the spin-2 ULDM.
In this Letter, the amplitude of the ULDM field is assumed

to be proportional to the local density of dark matter (ρDM) or
its square root (except for the fifth-force case). Considering
that measurement time is much shorter than coherence time
(τc ∼ 106=f, where f is the frequency of the oscillating
ULDM field), the amplitude is random following a distri-
bution rather than the deterministic relation [50–52]. This
stochastic treatment will result in a change of the final results
on, e.g., the couplingbetweenULDMand the standardmodel
field, by a factor of 1–10 compared with the deterministic
treatment [51,52]. Here, for the convenience of comparison
with previous works [32,34,36] based on the radio PTA, we
keep the deterministic treatment formost cases, except for the
fifth-force signal of the dark photon, in which the stochastic
distribution of the amplitude is taken into account [35]. The
effect due to the stochastic nature of the ULDM field will be
explored in detail in future works. It is expected that similar
impacts on the radio and gamma-ray PTAs will be obtained
when considering the stochastic distribution of the ULDM
amplitude in the Bayesian inference.

II. ULTRALIGHT DARK MATTER MODEL

In our Letter, we focus on four ULDM effects: the
gravitational effects for ULDM with spin-0=1, the fifth-
force effect of dark photons, and the modified gravitational
effect of the spin-2 ULDM. The detailed descriptions of
signals for these four effects are shown in the Supplemental
Material, Sec. I [53]. For the spin-0 gravitational signal, the
ULDM would induce oscillations of Earth and pulsars and
cause periodical residuals in times of arrival (TOA) of
pulse, which can be written as [31,32]

sðtÞ ¼ Ψ
m
sinðθe − θpÞ cosð2mtþ θe þ θpÞ; ð1Þ

where m is the mass of ULDM, and θe and θp characterize
oscillation phases for Earth and pulsar terms, respectively.
The oscillating amplitude Ψ depends on the density of dark
matter ρDM,

Ψ ¼ GρDM
πf2

≈ 6.1 × 10−18
�

m
10−22 eV

�
−2
�
ρDM
ρ0

�
; ð2Þ

where ρ0 ¼ 0.4 GeVcm−3 is the measured local dark matter
density near Earth [54,55].Different from the spin-0 case, the
gravitational signal of the spin-1 ULDMwould have an extra
contribution from the traceless spatial metric perturbations,
related to the oscillation angle θ [33,34],

sðtÞ¼−
3

8
ð1þ2cos2θÞhosc

m
sinðθe−θpÞcosð2mtþθeþθpÞ;

ð3Þ
where the amplitude hosc is also dependent on ρDM,

hosc ¼
8πGρDM
3m2

≈ 1.7 × 10−17
�

m
10−22 eV

�
−2
�
ρDM
ρ0

�
: ð4Þ

In the case of the ultralight dark photon, its fifth force could
also lead to oscillations of Earth and pulsars and induce the
TOA residuals. Herewe consider two newgauge interactions
[Uð1ÞB and Uð1ÞB−L], as shown in the Supplemental
Material, Sec. I C [53]. The timing residuals caused by the
“fifth-force” effect can be given by [35,56]

sðtÞðBÞ ¼ ϵe
m
A0

�
qðBÞe

me
cosðmtþ θeÞ−

qðBÞp

mp
cosðmtþ θpÞ

�
·n;

ð5Þ

sðtÞðB−LÞ ¼ ϵe
m

A0

�
qðB−LÞe

me
cos ðmtþ θeÞ

−
qðB−LÞp

mp
cosðmtþ θpÞ

�
· n; ð6Þ

where ϵ is the coupling strength of newgauge interaction, e is
the electromagnetic coupling constant,A0 is the amplitude of
the dark photon field, n is the normalized position vector

pointing from Earth to the pulsar, and qðBÞe;p , q
ðB−LÞ
e;p , andme;p

each represent the B number, the B − L number, the mass of
Earth, and the pulsar. As for the spin-2 case, its modified
gravitational effect could have a significant impact on the
propagation of photons frompulsars to Earth and result in the
TOA residuals given by [36]

sðtÞ ¼ α
ffiffiffiffiffiffiffi
2ρ0

p
ffiffiffiffiffi
15

p
m2MP

cos

�
mtþ θe þ θp

2

�
; ð7Þ

where α is the dimensionless strength constant andMP is the
reduced Planck mass. Prior distributions of parameters for
all four ULDM effects are summarized in Table S1 in the
Supplemental Material, Sec. I [53].

1https://zenodo.org/record/6374291#.YzVcbC-KFpR.
2Recently, another work used the Fermi-LAT PTA data to

study spin-0 ULDM [49].
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III. THE FERMI-LAT PTA

A. Data

The Fermi-LAT Collaboration uses 12.5 yr of Fermi-
LAT data from August 4, 2008 to January 28, 2021 to form
the first gamma-ray PTA, also called the Fermi-LAT
PTA [48]. It is composed of the 35 brightest and most
stable gamma-ray MSPs. However, only 29 of 35 MSPs in
the Fermi-LAT PTA can efficiently estimate TOA of
pulses3 and are suitable for the TOA-based method, which
is widely used in radio PTAs.
In this Letter, we adopt the TOA-based method and use

TOA data recorded in the .tim files for these 29 MSPs (as
the “Full 29” set in Ref. [48]). We summarize the basic
information [48,57] for each pulsar in Table S2 in the
Supplemental Material, Sec. II [53].
The Fermi-LAT PTA has calculated TOA by a cadence

of 2, 1.5, and 1 yr−1 and obtained a total of 25, 19, and 12
TOA for each pulsar. The TOA with a higher cadence can
provide more high-frequency information and larger data
volume. Hence, in a general way, the 2 yr−1 cadence is a
relatively optimal choice. However, PSR J0533þ 6759,
PSR J0740þ 6620, PSR J1625-0021, PSR J1939þ 2134,
PSR J2034þ 3632, and PSR J2256-1024 are relatively
faint in all 29 MSPs and exhibit larger systematic errors for
the 2 yr−1 cadence than that for the longer integration [48].
For these 6 MSPs, reliable TOA produced with the 1.5 yr−1

cadence are adopted in the following analysis, the same as
the preferred cadence used in Ref. [48].

B. Timing model

TOA of a pulsar can be reconstructed from three parts,

TOA ∼ tTM þ ΔtNoise þ sðtÞ: ð8Þ
The first term tTM characterizes the timing model accounting
for the pulsar ephemeris. In this Letter, we use the optimized
ephemerides model given byRef. [48]4 andmarginalize over
model uncertainties. The second term ΔtNoise is the timing
residual contributed by noises. The third term sðtÞ is the
timing residual induced by the signal for each ULDM effect
described in Sec. II. The noise parameters, signal parameters,
and their prior distributions are indicated in Table S1 in the
Supplemental Material, Sec. I [53].
The noises of PTA can be classified into three categories:

the white (time-uncorrelated) noise (WN), the red

(time-correlated) noise (RN), and the BayesEphem noise
(BEph) [58], respectively,

ΔtNoise ¼ ΔtWN þ ΔtRN þ ΔtBEph: ð9Þ
We describe in detail these three noise components in the
Supplemental Material, Sec. III [53]. Reference [48] has
made a single-pulsar noise analysis for all 29 pulsars, and
the favored noise model for each pulsar is listed in Table S2
in the Supplemental Material, Sec. II [53]. For the sake of
conservation, here we consider white and red noises for
each pulsar and the BayesEphem noise for the PTA and
marginalize over their parameters in the likelihood analysis
to search for the potential ULDM signal.

IV. ANALYSIS AND RESULT

A. Data analysis

To search for the ULDM signal with the Fermi-LAT
PTA, we perform the likelihood analysis for two models:
the signal model (labeled as H1) given in Eq. (8) and the
null model (H0) without timing residual contributed from
the ULDM signal [sðtÞ]. The PINT software package5 [59]
and ENTERPRISE package6 [60] are used to build the timing
model of TOA and perform the likelihood analysis. Then
we use the PTMCMC package7 [61] as the stochastic
sampling for posterior probabilities of parameters to obtain
the best-fit values. As for the H1 model, we repeat the
analysis for each ULDM effect introduced in Sec. II,
respectively. To compare models with and without signal,
we take the likelihood ratio test between the H1 and H0

models. The likelihood ratio (λLR) can be given by [62]

λLR ¼ 2 ln
LmaxðH1Þ
LmaxðH0Þ

; ð10Þ

where LmaxðH1Þ and LmaxðH0Þ represent the maximum
likelihood values we get for H1 and H0, respectively.
According to Wilks’s theorem, the likelihood ratio [62]
follows the χ2 distribution with degrees of freedom equal to
the difference in numbers of parameters for the H1 and H0

models.
Then we further derive upper limits on ULDM param-

eters for each effect, respectively. For a set of fixed ULDM
mass m in the corresponding frequency f range (10−9,
10−7 Hz), we sample posterior probabilities of ULDM
parameters with the numerical marginalization for all noise
(WNþ RNþ BEph) parameters mentioned above. When
posterior probabilities in the range of [0, xul] are equal to
95%, we take xul as the 95% confidence level upper limit of
one ULDM parameter (x) for the fixed ULDMmassm. For
completeness, we also calculated upper limits for the case

3Another six MSPs (PSR J0312 − 0921, PSR J0418þ 6635,
PSR J1513 − 2550, PSR J1543 − 5149, PSR J1741þ 1351, and
PSR J1908þ 2105) do not reach the required log-likelihood
threshold in the TOA estimation and can only be analyzed with
the photon-by-photon method. Note that none of these six MSPs
contribute significantly to the sensitivity of the Fermi-LAT PTA.
See Supplemental Material of Ref. [48] for more detail.

4The corresponding .par files can be found in https://zenodo
.org/record/6374291#.YzVcbC-KFpR.

5https://github.com/nanograv/pint.
6https://github.com/nanograv/enterprise.
7https://github.com/jellis18/PTMCMCSampler.
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only with favored noise models, as listed in Table S2 in the
Supplemental Material, Sec. II [53] and the BayesEphem
uncertainty, labeled as (favoredþ BEph).

B. Result

(i) Spin-0: Gravitational signal.—Considering the gravi-
tational effect of the spin-0 ULDM, we get the likelihood
ratio λLR;spin−0 equal to 3.9 with the best-fit parameters
ðm; ΨÞ ¼ ð1.38 × 10−24 eV; 1.16 × 10−19Þ. Considering
the χ2 distribution with 32 degrees of freedom, the
corresponding statistical significance is approximately
zero. Hence, the Fermi-LAT PTA shows no evidence of
the gravitational signal from the spin-0 ULDM, which is
consistent with the result of PPTA [32]. We calculate the
95% confidence level upper limits of oscillation amplitude
Ψ for a set of fixed mass m corresponding to the frequency
from 10−9 to 10−7 Hz, which are shown in the left panel of
Fig. S1 in the Supplemental Material, Sec. IV [53].
According to Eq. (2), we then conduct the 95% upper
limits of local dark matter density ρDM and exhibit them in
the left panel of Fig. 1. Our constraints on the local dark
matter density ρDM are larger than the observed local dark
matter density ρ0 ¼ 0.4 GeVcm−3 and higher than upper
limits obtained by PPTA in 2018 [32].
(ii) Spin-1: Gravitational signal.—As for the gravita-

tional signal of the spin-1 case, the best-fit parameters are
ðm; hoscÞ ¼ ð1.09 × 10−23 eV; 6.11 × 10−16Þ, and the cor-
responding likelihood ratio is λLR;spin−1 ¼ 3.8 following
the χ2 distribution with 34 degrees of freedom. Same as
above, we find no significant evidence for the spin-1
gravitational signal, which is consistent with the result

from PPTA DR2 [34]. The 95% confidence level upper
limits with the Fermi-LAT PTA for oscillation amplitude
hosc is displayed in the right panel of Fig. S1 in the
Supplemental Material, Sec. IV [53]. Conducted from
Eq. (4), the upper limit of ρDM is shown in the right panel
of Fig. 1.
(iii) Spin-1: Fifth-force signal.—In the case of the dark

photon, we consider two new interaction [Uð1ÞB and
Uð1ÞB−L] scenarios. For the Uð1ÞB=Uð1ÞB−L scenario, the
best-fit parameters we get are ðm;ϵÞ¼ð6.76×10−22 eV;
9.95×10−26Þ=ð1.36×10−22 eV;5.03×10−23Þ, respectively.
Corresponding likelihood ratios of λLR;DP ¼ 2.1=25.2 are
asymptotically the χ2 distribution with 37 degrees of free-
dom and have a statistical significance of∼0. The 95% con-
fidence level upper limits of coupling strength ϵ for the
Uð1ÞB and Uð1ÞB−L scenarios are presented in the left and
right panels of Fig. 2, respectively. Our constraints are
found weaker than upper limits from PPTA DR2 [35].
Especially for the Uð1ÞB scenario with masses below
∼7 × 10−23 eV, we set stronger constraints than limits from
the MICROSCOPE WEP experiment [63] (the horizontal
black dash-dotted line in Fig. 2).
(iv) Spin-2: Modified gravitational signal.—As for the

spin-2 ULDM model, we obtain the best-fit parameters as
ðm; αÞ ¼ ð1.43 × 10−23 eV; 1.45 × 10−6Þ with the likeli-
hood ratio of λLR;spin−2 ¼ 7.3. Following the χ2 distribution
with 32 degrees of freedom, this likelihood ratio corre-
sponds to a significance close to 0. The 95% confidence
level upper limits of coupling strength α are further
derived for a set of fixed masses of the spin-2 ULDM as
shown in Fig. 3, which is also weaker than that from
PPTA [36].

FIG. 1. Constraints on the local dark matter density ρDM for the spin-0=1 case with the gravitational effect. Left: the spin-0 ULDM.
The black line represents upper limits from PPTA in 2018 [32]. Right: the spin-1 ULDM. The previous upper limit based on PPTA DR2
[34] is given as the black line. For both panels, red solid lines are upper limits with all noise (WNþ RNþ BEph) components, while red
dashed lines are for the case only including the favored noise model (as listed in Table S2 in the Supplemental Material, Sec. II [53]) and
the BayesEphem uncertainty (favoredþ BEph). The blue dashed lines are on behalf of the case in which the local dark matter density
ρDM equals the current measurement ρ0 ¼ 0.4 GeV cm−3.

XIA, TANG, HUANG, YUAN, and FAN PHYS. REV. D 107, L121302 (2023)

L121302-4



V. DISCUSSION AND SUMMARY

ULDM is a theoretical form of darkmatter that consists of
extremely light particles with masses of ∼10−22 eV beyond
the standard model. PTA is a valuable tool for searching for
these ULDM. The idea behind this is that the (gravitational
or fifth-force) interactions between ULDM particles and
standard model particles could cause slight variations in the
pulse arrival times, which can be precisely measured by
observing the pulsars over long periods of time.
In this Letter, we first use the gamma-ray PTA constructed

from the Fermi-LAT observation of 29 MSPs to indirectly
detectULDM.Comparedwith the radioPTAs, thegamma-ray
PTAisnotaffectedbythe turbulent IISMalongthe lineofsight,
which could induce remarkable red noises for the radio PTAs.

Utilizing the traditionalTOA-basedmethod,herewesearchfor
four ULDM models, including the gravitational effects for
ULDM particles with the different spin-0=1, the coupling
(fifth-force) effect of dark photons, and the modified gravita-
tional effect for the spin-2ULDM.For all four kindsofULDM
effects, we do not find any significant signal based on the
Fermi-LAT PTA dataset, which agrees with the nondetection
of ULDM signals from radio PTAs and direct detection
experiments. Then we further set limits on parameters of
ULDM with the 95% confidence level in the corresponding
frequency f range of (10−9, 10−7 Hz). As for the spin-0=1
gravitational effects, our constraints are larger than the
measured local dark matter density ρ0 ¼ 0.4 GeVcm−3 and
thushardtofurther limit theparticlemassofULDM.In thecase
of the spin-1 dark photon effect, our constraints for theUð1ÞB
scenario with masses below ∼7 × 10−23 eV are more com-
petitive than that of theMICROSCOPEWEPexperiment. For
all four effects, our limits based on the gamma-ray PTA are
weaker than those of radio PTAs, due to the relatively smaller
amounts of timing data. However, our work could be an
independent and complementary check for the ULDM detec-
tion based on radio PTAs.
In the future, the very large gamma-ray space telescope

(VLAST) [64], one of the next generation space-based
gamma-ray telescopes with an effective detection area of
∼4 m2, will be useful to establish a stronger gamma-ray
PTA to probe the ULDM and the nanohertz-frequency
gravitational waves. As a very rough estimate, assuming
that VLAST can detect the same number of pulsars with the
same TOA precision, but enlarge the number of TOA by a
factor of 5, we find that the upper limit of the oscillation
amplitude Ψwill be smaller by a factor of ∼

ffiffiffi
5

p
. Additional

improvement may be achieved if the timing model and
noise model can be improved given larger photon statistics,
which can be explored in detail in the future.

FIG. 2. Constraints on the fifth-force effect of the dark photon (spin-1)model. Left: the 95% confidence level upper limits of the coupling
strength ϵ for the Uð1ÞB scenario. Right: the Uð1ÞB−L scenario. The black lines show limits based on the PPTA DR2 dataset given in
Ref. [35]. The horizontal blackdash-dotted lines areupper limits for theMICROSCOPEweak equivalenceprinciple (WEP)experiment [63].

FIG. 3. The 95% confidence level upper limits of the coupling
strength α for the spin-2 ULDM model. The black line indicates
the upper limit set by the PPTA data in Ref. [36].
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