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Abstract A nonzero-mass hypothesis for the photon can produce adrayudependent dispersion of
light, which results in arrival-time differences of photowith different frequencies originating from a
given transient source. Extragalactic fast radio burdgB@$), with their low frequency emissions, short time
durations, and long propagation distances, are excebhysical probes to constrain the rest mass of the
photonm.,. However, the derivation of a limit om., is complicated by the similar frequency dependences
of dispersion expected from the plasma and nonzero photas eféects. If a handful measurements of
redshift for FRBs are available, then the different redstdéfpendences of the plasma and photon mass
contributions to the dispersion measure (DM) might be ablereak dispersion degeneracy in testing the
photon mass. For now, nine FRBs with redshift measuremets heen reported, which can turn this idea
into reality. Taking into account the DM contributions frdsoth the plasma and a possible photon mass,
we use the data on the nine FRBs to derive a combined limit.pf< 7.1 x 10~°! kg, or equivalently

m~ < 4.0 x 10715 eV /c? at 68% confidence level, which is essentially as good as sesepts a factor

of 7 improvement over previous limits obtained by the sirfgRBs. Additionally, a reasonable estimation
for the DM contribution from the host galaxipMy,.s¢, can be simultaneously achieved in our analysis. The
rapid progress in localizing FRBs will further tighten thenstraints on both.., andDMy,: .
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1 INTRODUCTION the experimental limits more closely towards the ultimate
upper limit.
The postulate of the “constancy of light speed” is a
major pillar of Maxwell's electromagnetism and Einstein’s From a theoretical perspective, a nonzero photon mass
theory of special relativity. This postulate implies thatcan be incorporated into electromagnetism straightfor-
the photon, the fundamental quanta of light, should bevardly via the Proca equations, which are the relativistic
massless. Nevertheless, several theories have challenggeheralization of Maxwell's equations. Using the Proca
the concept of the massless photon, starting from thequations, it is possible to consider some observable
famous de Broglie-Proca theorgd Broglie 1922 Proca effects associated with massive photons. One can then
1936 and nowadays proposing models with massiveconstrain the photon rest mass by searching for such
photons for dark energy (e.d<puwn et al. 2015 Within  effects (seeGoldhaber & Nieto 1971 Lowenthal 1973
that context, determining the rest mass of the photon hagu et al. 2005 Okun 2006 Goldhaber & Nieto 2010
historically been an effective way to test the validity adsth Spavieri et al. 201%or reviews). Based on such effects,
postulate. However, according to the uncertainty prirgipl various experimental methods have been developed to set
it is impossible to perform any experiment that would upper limits on the photon rest mass, such as Coulomb’s
fully prove that the photon rest mass is exactly zeroinverse square lamWilliams et al. 197}, Ampeére’s law
Adopting the age of the universe of abdat'® years, the (Chernikov etal. 199 torsion balance Lakes 1998
ultimate upper bound on the photon rest mass would beuo et al. 2003Ia), gravitational deflection of electromag-
m, < h/At* ~ 107% kg (e.g., Goldhaber & Nieto  netic waves I(owenthal 1973 Accioly & Paszko 200%
1971 Tuetal. 2005 The best experimental strategy is Jupiter’'s magnetic fieldQavis et al. 1975 magnetohy-
therefore to place ever stricter upper limitsrag and push  drodynamic phenomena of the solar wirltly(itov 1997
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2007 Retind etal. 2015 mechanical stability of the with the propagation of radio signals through a cold plas-
magnetized gas in galaxieCliibisov 197§, stability = ma. However, a similar frequency-dependent dispersion
of plasma in Coma clusterGpldhaber & Nieto 20083 mi/z/2 (see Eq.2)) could also be resulted from a nonzero
black hole bombs Ranietal. 201 pulsar spindown photon mass. The similarity between the frequency-
(Yang & Zhang 201Y), the frequency dependence in the dependent dispersions induced by the plasma and nonzero
velocity of light (Lovelletal. 1964 Warner & Nather photon mass effects complicates the derivation of a
1969 Schaefer 1999Wu et al. 2016 Bonetti et al. 2016  constraint onm.,. Fortunately, since the two dispersions
2017 Zhang et al. 201,6Shao & Zhang 20L7Wei etal.  have different dependences on the redshifit has been
2017 Wei & Wu 2018 Xingetal. 2019, and so on. suggested that they could in principle be distinguished
Among these methods, the most immediate and robust ishen a handful redshift measurements of FRBs become
to measure the frequency-dependent dispersion of light. available and making the sensitivity ton, to be

If the photon rest mass is nonzero, then the dispersioimproved Bonetti et al. 20162017 Bentum et al. 201)7

relation is given by To date, nine FRBs, including FRB 121108p(tler et al.
2016 Chatterjee et al. 201 7endulkar et al. 2017 FRB
E = /p?c? +m2ct. (1)  180916.J0158+65Marcote etal. 202) FRB 180924

(Bannister etal. 209 FRB 181112 Prochaska et al.
2019, FRB 190523 Ravi et al. 2019 FRB 190102, FRB
OF \/W 1m2c! 190608, FRB 190611, and FRB 1907 Mgcquart et al.
v = Op =cy\/1- 2 ¢ 1- 2 h22 | (2) 2020, have already be localized. With the measurements
of nine FRB redshifts in hand, it is interesting to investga
where v is the frequency and the last approximationwhat level of photon mass limits can be improved by
holds whenm., < hv/c* ~ 7 x 107*? (&%) kg. taking advantage of the different redshift dependences of
Equation @) means that low frequency photons propagatehe dispersions from the plasma and photon mass. In this
in a vacuum slower than high frequency ones. Two photongiork, we develop a statistical approach to obtaining a
with different frequencies, if emitted simultaneouslyrfro  combined limit onm., using the nine FRBs with redshift
the same source, would reach us at different timesmeasurements. In addition, such an approach can also
Moreover, it is obvious that observations of shortersimultaneously lead to an estimate of the mean value of
time structures in lower energy bands from astronomicalhe dispersion measure (DM) contributed from the local
sources at cosmological distances are particularly semsit host galaxy.
to the photon mass. Thanks to their short time durations,
long propagation distances, and low frequency emissions, We should note that a recent work Bjao & Zhang
extragalactic fast radio bursts (FRBs) provide the mosf2017 extended previous studies to those FRBs without
promising celestial laboratory so far for constraining theredshift measurement. They used an uninformative prior
photon mass through the dispersion methvdugtal. for the redshift to derive a combined constraint on,
2016 Bonettietal. 2016 2017 Shao & Zhang 2017 from a catalog of 21 FRBs. A comparison with our results
Xing et al. 2019. For instance, taking the controversial will be interesting, because the exact value of the redshift
redshift measurement of FRB 150418 (= 0.492),  (or distance) plays an important role in constraining the
Wu et al. (2016 set a tight upper limit on the photon photonmass. Itis therefore useful to crosscheck, especial
mass asn, < 5.2 x 107°° kg, which is three orders of as using the real redshift measurements of FRBs, as we
magnitude better than the previous best constraint frorflo in this work, avoids potential bias from the prior of
other astronomical sources with the same method (see al§edshift.
Bonetti et al. 201p Later, Bonetti et al.(2017 used the _ ) )
reliable redshift measurement of FRB 121102 to constrain 1 1iS Paper is arranged as follows. In Sectinwe
the photon mass to be., < 3.9 x 10-°° kg. Using m_trodm_:e the analysis method used to disentangle the
the time-frequency structure of subpulses in FRB 1211021iSpersions from the plasma and photon mass and to
Xing et al. (2019 obtained a stricter limit on the photon €onstrain the photon mass. A combined limit on the
mass ofin, < 5.1 x 1075 kg. photon mass from nine localized FRBs will be presented

From observations, the pulse arrival times of FRBsN Section3, followed by our conclusions in Sectioh
strictly follow the 1/v? law, which is in good agreement 1hroughout this paper, we adopt the fliCDM model
with the cosmological parameters recently derived from
! The redshift identification of FRB 150418 has been chal-the |atestPlanck observationsRlanck Collaboration et al.

lenged with an active galactic nucleus variabilityeflantham et al. . o 1 1
2016 Williams & Berger 201§, and is now generally not accepted 2018' the Hubble constantly = 67.36 kms™" Mpc™,

(Chatterjee et al. 2037 the matter energy densify,, = 0.315, the vacuum energy

The massive photon group velocity then takes the form:
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density 2, = 0.685, and the baryonic matter energy environment), respectively. The cosmological redshift

density€), = 0.0493. factor, 1 + z, converts the rest-fram®M,s; to the
measured value in the observer franiee(g & Zhang

2 ANALYSISMETHOD 2014).

2.1 Dispersion from a Nonzero Photon Mass 2.3 Methodology

It .is eyident from Equa_tionZ) that two massive ph(_)tons As described earlier, the radio signals of FRBs are known
W'th different frequenciesi{ < ), which are gmltted to arrive with a frequency-dependent delay in time of the
simultaneously from a same source at a redshiftould 1/v2 behavior, which are expected from both the line-

reach us at different times. The arrival time delay '”duce%f-sight free electron content and mass effects on photon
by the nonzero photon mass effect can be expressed as propagation (see Eqs3)(and 6)). In our analysis, we

1 e\ 2 suppose that the observed time delay is attributed to both
Aty = 2H, ( 71 > (vy?—v;?)Hy(2), (3) the plasma and nonzero photon mass effects, i.e.,
whereH., (z) is a dimensionless redshift function, Atops = Atpy + Ay, - @)
H.(2) /z (1+2')"2d2' @ In practice, the observed DM of an FQREDMobS, is
zZ)= . i i it -
gl o \/Qm(l TP 1 0n directly obtained from the fitting of the=* form of the

observed time delay. In our analysis, it thus equals to

2.2 Dispersion from the Plasma Effect DMops = DMastro + DM, | ®)

Because of the dispersive nature of plasma, lower h B . .
. o ereDM,, represents the “effective DM” arises from a

frequency radio photons would travel across the |on|ze(§N

1 , nonzero photon mass§kao & Zhang 2017

median slower than higher frequency onBgiftum et al.

2017. The arrival time difference between two photons

with different frequenciesf < v4), which caused by the

plasma effect, is described as

4m2meeoc® Hy(2) o

DM, 1352 y m3 . 9)

The measurements @fM,,s and their corresponding

" dl I/Z 9 L, uncertainties s for all nine localized FRBs are presented
Atpm = / Py (= =v") in Table 1. TheseDM,,s values were determined by
o2 . ., (%) maximizing the peak signal-to-noise rafiodn order
= Srmecoc (" = v, ") DMastro to identify DM, as radical as a massive photon effect

from DM,,s, one needs to know the different DM
wherev,, = (nce? /4n?meeq)/? is the plasma frequency, contributions in Equation6). For a well-localized FRB,
n. is the electron number densityp. and e are the the DM due to the Milky Way,DMyw, can be well
mass and charge of an electron, respectively, @nés  estimated from the Galactic electron density models. For
the permittivity. HereDM,.o is defined as the integrated FRB 181112, itsDMyw value is derived based on
electron number density along the line of sight, i.e.the Galactic electron density model &fochaska et al.
DM,stro = [ nedl. In a cosmological settindM.siro = (2019. For the other eight FRBs, we adopt the NE2001
J ne,-(1 + z)~*dl, wheren, . is the rest-frame number model for DMyw (Cordes & Lazio 200R Table1 also
density of electrons and is the redshift Deng & Zhang  contains the estimateBM,;w of nine localized FRBs,

2014. which are available in the FRB catalodPdtroff et al.
For a cosmic source, theM,s., should include the 2016. The DMywhaio term is not well determined, but
following components: is estimated to be in the range of approximataly —

-3
DM, = DMy -+ DMariias 80 pcem™ (Prochaska & Zheng 20)9 Hereafter we

DMpost (6) 2 The frequency-dependent structure of subpulses in FRBQ211
+ DMigm + EETEE complicates the determination @M,y,s, Hessels et al(2019 argued
+z that it is appropriate to use BM,,s metric that maximizes structure

in the frequency-averaged pulse profile, as opposed to pieglals
where DMarw, DMywhato, DMiga, and DMyos: rep- to-noise gnd fgundDMgb p: 56([)).57 + 0.07 ?)F; cm—3 a‘tjlgsli?D

resent the DM contributed by the Milky Way ionized 57,644. To test the dependence of our analysis on KHe.

interstellar medium, the Milky Way hot gaseous halo,determination metric, we also carried out a parallel coripaz analysis
the int lacti di IGM d the host | using theDM,,s determination from the structure-maximizing metric
€ Iniergalactic medium ( )’ an € host ga aXy(HesseIs et al. 2039and found that the adoption of a differedM ¢

(including the host galaxy interstellar medium and sourceletermination metric has a very tiny influence on the photasstimit.
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Table 1 Redshifts and Dispersion Measures of Nine Localized FRBs

FRB Name z DM DMyw References
(pc cm*?’) (pc cm*?’)

FRB 121102 0.19273 558.1 +3.3 188 [1], [2], [3]
FRB 180916.J0158+65 0.0337 348.76 £ 0.1 199 [4]
FRB 180924 0.3214 361.42 £+ 0.06 40.5 [5]
FRB 181112 0.4755 589.27 +0.03 102 [6]
FRB 190102 0.291 363.6 £0.3 57.3 [7]
FRB 190523 0.66 760.8 + 0.6 37 [8]
FRB 190608 0.1178 338.7£0.5 37.2 [7]
FRB 190611 0.378 321.4+£0.2 57.83 [7]
FRB 190711 0.522 593.1 0.4 56.4 [7]

Notes: The References are [pitler et al.(2016); [2] Chatterjee et al(2017); [3] Tendulkar et al(2017);
[4] Marcote et al.(2020); [5] Bannister et al.(2019; [6] Prochaska et al(2019; [7] Macquart et al.(2020);
[8] Ravi et al.(2019.

assumeDMyrwhato = 50 pcem ™3, However, DM, iS

poorly known, which depends on the type of FRB host 25 ' - ' - ' -

galaxy, the relative orientations of the host and source, 20'_ Hz) 4
and the near-source plasméu(& Han 2015. For a given oo ) _
galaxy type, the scale ddM,,; along a certain line of 15L ]
sight is related to the size of the galaxy and electron A ]
density, and the average electron density is proportional 10| g
to the root of the galaxy H luminosity (Luo et al. 2018.

As the Hy luminosity scales with the star formation rate e R
(SFR;Kennicutt et al. 199AMadau et al. 1998 we model 00 Sy . . . . .
DMyt @s a function of star formation historizifo et al. 0.0 05 1.0 15 2,0
2018, DMy0st(2) = DMyost,01/ SFR(2)/SFR(0), where z

DMpest,0 IS the present value oDMys(z = 0)

, 1182 - P Fig.1 Dependence of the two dimensionless functions,
and SFR(z) = piZogaes Moyr~ ' Mpe™ is the =0y andir (), on the redshift.

adopted star formation historidopkins & Beacom 2006

Li 2008). In our following likelihood estimationDMupost,0  Bentum et al. 201:7Shao & Zhang 2017 For now, nine

is treated as a free parameter. The IGM portion of DMERB redshifts have been measured, which might make this
is related to the redshift of the source and the fractiorygint come true.

of ionized electrons in helium and hydrogen on the  For g set of nine localized FRBs, a combined limit on

propagation path. If both helium and hydrogen are fullyihe photon massn, can be obtained by maximizing the
ionized (valid belowz ~ 3), it can be written as |ikelihood function:

(Deng & Zhang 201} 1
L= H -
21cHoQ) .
Dhlian = WHE(Z) ) (10) V2Tt
P X ex _ [DMobs,i - DMastroJ - DMV(my, Zi)]Q
wherem,, is the mass of a protonfian ~ 0.83 is the P 202, :

fraction of baryons in the IGMRukugita et al. 1998 and (12)
H.(z) is the redshift-dependent dimensionless function, whereo?,, is the total variance of each FRB,

H.(z) = /Z 7 (1 + #')dz! (11) Trot = Oops T Ohiw + OMiwhalo T Tine s (13)
0 Qm

(1423 +Qx -
whereo,hs, omw, andoywhalo are the uncertainties of

In Figure 1, we illustrate the dependence of functionsDM,ys, DMyw, and DMyiwhalo, respectively, andy
H.(z) and H,(z) on the redshift. It is obvious that the is the global intrinsic scatter. The ATNF pulsar catalog
DM contributions from the IGM and a possible photon shows that the average uncertaintyl@¥ly;yw for sources
mass have different redshift dependend@snettietal. at high Galactic latitude|§| > 10°) is about 10pc cm 3
(2016 2017 pointed out that the different behavior of (Manchester etal. 2005 and we take this value as
the two redshift functions can be used to break parameter,w. Recent observations imply that the Galactic halo
degeneracy and to improve the sensitivity to the photorontributes betwees) —80 pc cm~2 (Prochaska & Zheng
mass when a few FRB redshifts are available (see als®019. Here we adopt the possible rangeldoMywhalo
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as its uncertainty, i.egywnalo = 30 pccm™3. To be  in which the degeneracy of these two dispersions cannot
conservative, we introduce an additional free parametdse well handled \Wu etal. 2016 Bonettietal. 2016
oint t0 account for the intrinsic scatter that might originate2017. In view of their different redshift dependences (see
from the large IGM fluctuation and the diversity of host Eqs. @) and (1)), it has been suggested that the DM
galaxy contribution. In this case, the free parameters areontributions from the IGM and photon mass could in

DMhost,0, Oint, and the photon mass., . principle be disentangled by more FRBs with different
redshift measurements, enabling the sensitivity.toto be
3 COMBINED PHOTON MASSLIMIT FROM improved Bonetti et al. 20162017 Bentum et al. 201)7
NINE LOCALIZED FRBS Recently, nine FRBs with redshift measurements have

been reported. These provide a good opportunity not only

_ to disentangle the degeneracy problem but also to place
EMCEE (Foreman-Mackey et al. 20130 obtain the pos- ., stringent limits on the photon mass. In this work,

ter(ljor dls;nbutlo_ns E‘;ge th.rf]e p(;irﬁzetemsyg DMhOStvO'Th we suppose that the observed DM of an FRB\s, IS
an Ui_m) romnine S_W't redshin me_asgrenjents. €attributed to both the plasma and nonzero photon mass
marginalized accumulative probability distribution ofth g s Using the measurementsToki,,,. and z of the

photon m_assmw IS dlsplayed_ln_ Figure. The 68% and nine FRBs, we place a combined limit on the photon mass
95% confidence-level upper limits on, are at 68% (95%) confidence level, i.es, < 7.1x107°! kg,
my <71x 107 kg ~4.0x 1075 eV/c?  (14) O equivalentlym, < 4.0 x 107%% eV/c? (m, < 1.3 x
1079 kg, or equivalentlym., < 7.3 x 107! eV/c?),
and which is as good as or represents a factor of 7 improvement
m, <13x10°0 kg~ 73 x 1070 oV/?,  (15) over the results previously ob_taingd from the single FRBs.
Moreover, a reasonable estimation for the mean value
respectively. These results are comparable with oof DM contributing from host galaxies is simultaneously
represent sensitivities improved by a factor of 7-foldachieved;i.e DMy os,0 = 27.0ﬁ§fg pcem 3. Previously,
over existing photon mass limits from the single FRBsShao & Zhang2017 derived a combined limit ofn, <
(Wu etal. 2016 Bonettietal. 2016 2017 Xingetal. 8.7 x 10~°! kg at 68% confidence level from a catalog
2019. of 21 FRBs (20 of them without redshift measurement),
In Figure 3, we show the 1D and 2D marginalized where uninformative prior is made to the unknown
posterior probability distributions with — 30 confidence redshift. With another prior o that traces the SFR,
regions for the parameters. We find that the mean valu8hao & Zhandg2017 obtained a combined limit 6f.5 x
of DM contributed from the local host galaxy is estimated10~°! kg at 68% confidence level, showing that changes
to be DMpest,0 = 27.0772% pcem ™ at 68% confidence in the prior of redshift can lead to slight difference. The
level, which is well consistent with those inferred from precision of our constraint from nine localized FRBs is
observations of localized FRBSBd#nnisteretal. 2019 comparable to these, while avoiding potential bias from the
Ravi et al. 2019 Meanwhile, an estimation for the global prior of redshift.
intrinsic scatter arises from both the large IGM fluctuation =~ More FRBs with redshift measurements are essential

We use the Python Markov Chain Monte Carlo module

and the diversity of host galaxy contribution;,, =  for using this method presented here to constrain the

9257352 pccm =3, is obtained. photon rest mass. It is encouraging that the Deep Synoptic
Array 10-dish prototype (DSA-10) will gradually be

4 CONCLUSION AND DISCUSSIONS replaced with the ongoing 110-dish DSA in 2021 and

the ultimate 2000-dish DSA in 2026, which are expected

The rest mass of the photom,, can be effectively , yetect and localize over 100 and* FRBs per year
constrained by measuring the frequency-dependent t'mﬁ—|allinan etal. 2019Kocz etal. 2019 With the rapid

delays of radio waves from distant astrophysical Source%rogress in localizing FRBs, the photon mass limits will
In particular, extragalactic FRBs are well suited forbe further improved

these studies because they are short-duration radio tran-
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