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Abstract The form of timing residuals due to errors in pulsar spin @& and its derivativeP, in
positions, as well as in proper motions, has been well ptedéeior decades in the literature. However,
the residual patterns due to errors in the pulsar acceder&iave not been reported previously, while a
pulsar in the Galaxy or a globular cluster (GC) will be unakadily accelerated. The coupling effect of
the pulsar transverse acceleration and then& delay on timing residuals is simulated in this work. The
results demonstrate that the residuals due to the effedie&tentified by the oscillation envelopes of the
residuals. It is also shown that the amplitude of the red&ddae to the effect is usually relatively small,
however, it may probably be observable for pulsars disteithin the vicinity of the core of a nearby GC.
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1 INTRODUCTION Fitting errors in the parameters of the timing model
will be revealed by systematic trends in the timing

Pulsars are very stable rotators with rapid radio pulsesesiduals. The patterns of these residuals due to various
Pulsar timing analysis is based on the measurement of thgors in the timing model, such as in pulsar spin period
precise pulse times of arrival (TOAs) at the telescope. The g1 its derivative?, in positions and in proper motions
remarkable TOAs period stability opens up a wide rangg,ave peen well presented for decades in the literature
of potential applications, e.g. establishing a pulsaetas (Lyne & Graham-Smith 2032 It was also noticed
time standard Kaspietal. 1994 Hobbsetal. 2012  ihat the fitted period derivative may be different from
detecting nanohertz-frequency gravitational waves (GWsjs intrinsic value if the pulsar is accelerating in the
(e.g. Jenetetal. 2004Sesana etal. 2008/rbiestetal.  grayitational field of the Galaxy or a globular cluster (GC)
2009 Leeetal. 2011 NANOGrav Collaborationetal. (phinney 19921993. Some authors further studied the
2015 Desvignesetal. 2016 Reardonetal. 2016 gravitational effects of the dark matter halo on pulsar
Burke-Spolaoretal. 20)9 developing pulsar-based timing (Schneider 1990 Larchenkova & Doroshenko
navigation techniques Speikh etal. 2006 Dengetal. 1995 Fargion & Conversano 1996 Seto & Cooray
2013 Zhengetal. 2019 improving the solar system 2007 Siegeletal. 2007 Baghrametal. 2011
ephemeris (e.gChampion et al. 20])0 studying various  gramante & Linden 201:4Nomura et al. 2020 Though
scientific targets such as the interstellar medium and thg,e magnitudes of the timing parameters of the accelerating
solar wind {You et al. 20072019, etc. Using the TEMP® 5 1sar have been widely investigated, the residual pattern
or TEMPOZ programs, the TOAs can be transformed tofor errors in pulsar acceleration have not been reported
the solar system barycenter which approximates an inertigjreviously.Phinney(1992 1993 showed that if a pulsar
frame. The spin period and period derivatives, the pOSitiOVéxperiences a component of acceleratipalong the line
and the proper motion of the pulsar can also be obtainegk signt, the observed period derivative is generally eslat
by fitting the TOAs to a pulsar timing modetipbbs etal. {5 the intrinsic value bYPobs = Pt + (a;/c)P. Thus
2006 Edwards etal. 2006 The differences between the gne may infer that its residual pattern should be identical
observed and the model predicted TOAs are known agith that due to an error in the spin period derivative
timing residuals. However, up to date, the residual pattern due to an error in

I ) the transverse acceleration of a pulsar is still unknown.

http://ww. pul sar. princet on. edu/ t enpo . .

2 http: //waw at nf. csiro. aulr esear ch/ pul sar/ Edwards et al(2009 estimated the magnitude of the

t enpo2 acceleration terms, for both the Galactic gravitational
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acceleration ¢ ~ 107!'' ms™2) and the greater wherep is the velocity divided by the distanca, is the
acceleration in GCsa(~ 1078 m s~2), for all pulsars in  acceleration vector an@*" is the proper time measured at
the Australia Telescope National Facility (ATNF) Pulsarthe pulsar.

Catalogué (Manchester et al. 2005They affirmed that Edwards et al(2006 assumed thadt = p|Ro|(tP5" —
only the radial acceleration term and Shklovskii termt,.s), and except for radial acceleration term and
involving a exceed 1 nanosecond (ns) for a 20-yr observinghklovskii term, all the other acceleration terms are
campaign. Thus, all the other acceleration terms areeglected in TEMPO2. Consequently, TEMPO2 does
neglected in TEMPO2 (see section 2.3 of Edwards et ahot include the coupling effect of the pulsar transverse
2006). However, as we demonstrate later (in subsectioacceleration and thedrer delay, i.e. for the annual proper
2.1), the amplitudes, due to the coupling effect of themotion term of Equation2),

pulsar transverse acceleration and ttigner delay, could
be clearly larger than the maximum allowable systemati
error of the TEMPO £ 100 ns) and TEMPO2+ 1 ns) | Rol
programs, and may also be detectable for pulsars in t

T a -r
G L L #( psr *tpos)Q,

2|Ro
(4)

(GO dth d X fiqati ht‘ﬁe second term on the right hand side is neglected (see
neares s, ahdinus need more nvestigations. also equation 24 of Edwards et al. 2006). Thus, the

.(;n trl"s ‘;‘;0”(’ fwe preslent a-;ﬁa}[llstlc 5|mulat|onlof tthe magnitude of the timing residual of the coupling effect can
residual patter for a pulsar with transverse acceleration,o .o cco  ac

and its possible applications are also discussed. The
organization of this paper is as follows. The magnitude Ab = 2L TLgpsr 4 )2 (5)
of the coupling effect and its influences on pulsar timing e 2|Roc e

parameters are described in Sec@oiihe simulationsand |, pare . is the speed of light. If one takes, ~ 5 x

res_ults are dgtalled in Secti@nFinally, we summarize the -s,, 52, Ry ~ 1 kpc andr, ~ 1 AU as an estimation
main results in Sectio.

for the case of a pulsar in a GC, the amplitude of the
residual is about60 ns for a 20-yr observing campaign.

=y TP = lpos) +

2 METHODS

2.1 The Coupling Effect of the Pulsar Transverse 2.2 TheEffectson Pulsar Timing Residuals

Acceleration and the Romer Delay As described above, the coupling effect of the pulsar

The issue is essentially attributed to the geometric prapag transverse acceleration and thenfer delay is not
tion delay Edwards et al. 2006 The displacement vector included in the timing model of TEMPO2. Applying
(R) from the observatory to an isolated pulsar is the sungcliptic coordinatesX; 5) and assuming a circular Earth
of the position of the pu|sa[R0)’ the di3p|acement of the orbit that is centered on the Sun, thérRer time delay is
pulsar &) in the time elapsed since epo¢f,s and the given by (yne & Graham-Smith 2012

barycentric position of the observatony) (

R:R0+k77’:RO+kH7TH+kJ_7'rJ_. (1)

tr = tg cos(wt — \) cos B, (6)
_ wheretq, ~ 498.7 s is the light travel time from the Sun
where the radial and transverse components are denoted gy the Earthw ~ 2.0 x 10~7 s~ is the angular velocity

subscripts, i.eiy = i- Ro/|Ro| andi, =i —ijRo/|Rol,  of the Earth in its orbit)\ and are the ecliptic longitude
andi is an arbitrary vector. Neglecting terms of the orderang |atitude of the pulsar respectively, and= — /2 and

of |[Ro|~?, the following relation is obtained 3 = /4 are assumed in the following calculations.
k|2 |ro]? A neglected transverse acceleration will induce
[R| = [Ro| +ky — 7 + |R0|( 5t 75 —kL'TL) erors in the coordinates, i.6A = [vy (P — tp00) +
| i %aL(tPfY — tpos)?] sin & /dy andof = [vL (P — tpos) +
(1- Ro| + Ro| ). 301 (P — tp6s)?] cos & /do, in whichv, is the transverse

2 velocity,¢ (= 7 /4 is taken in the following calculations) is

The terms in the first pair of parentheses are the Shklovskﬂ1e a”g'e betwgen the acceleration and the longitude line,
effect, annual parallax and annual proper motion. Thé"md dy is the distance between the pulsar and the Earth.

displacement may be broken into the first and second "€ €ITOrs give rise to periodic timing errors
derivatives Edwards et al. 2006 St = te sin[w(tP™ — tyes) — A] cos BON

k = p|Ro| (1P — tpes) + %(tpsr ) (3) — tg cos|w(tP™ — tpes) — Al sin B65.

S https://ww atnf.csiro.aul research/ pul sar/ _The c_orrespondmg error ofa pUIse phas&;fl& 2mvtR,
psrcat/ in which v is the rotation frequency of the pulsar.

()
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Fig.1 The simulated timing residual due to the coupling
effect of the pulsar transverse acceleration and thrad®
delay. The transverse acceleration = 5 x 1078 ms—2
and the distancé, = 1 kpc are adopted in the simulations.

Fig.2 The simulated timing residuals with three
oscillation modes and the transverse acceleration of a
pulsar.Upper panel: the residual in fitting the phase with

Eq. (9). Bottom panel: the residual in fitting the phase with
3 SIMULATIONS Eq. (11).

3.1 TheResdual Pattern not concerned with the relativistic frame transformation

We firstly develop a phenomenological spin-down modePtween observatory proper time and pulsar proper time,
to describe the pulse phase evolution, so that the mod#pust = t*** andt, = i,0s are simply taken in the
can be a tool for simulating the TOA data. Assuming theSimulation. A timing residual is conventionally defined as
pure magnetic dipole radiation in vacuum is the braking _ () — B(t)
mechanism for a pulsar’s spin-dowhafimer & Kramer (Residual) = —————=
2009, the pulse phase evolution can be described as

(10)

2my

The results are displayed in FiguteOne can clearly see
the residual pattern with oscillation period of one y&ae
oscillation envelope of the residual due to velocity error
consists of two straight lines, while two parabolic curves
correspond to the acceleration origin. This characteristic
may be utilized to identify the transverse acceleration of

p 872B2?RSsin 62 .
t T H(t)P=0 8
1) + =g a3 ——9(1)* =0, ®)
where B is the strength of the dipole magnetic field at
the surface of the neutron star, aftl (~ 10° cm),
I (~ 10% gem?) andf (~ ©/2) are the radius, moment 1< Th  th ual d
of inertia and angle of magnetic inclination, respectivelya pulsar. The root-mean-square (rms) of the residual due

Solving Equation€) and incorporating the coupling effect to the effect is about00 ns, which is consistent with the

into the phase evolution, one can get the theoretical phagestimate of Equationd]. Considering the Iarger distfance
function® (£) = (t) + 6. dy for most of the GCs, the rms of practical residuals

(inversely proportional t@y) would be much smaller, and
probably be drowned by other timing residuals. Hence the
pattern formed by the residuals has not been reported.

We take the moderate initial values 8§ = 0.005 s
and Py = 1.0 x 1072° ss~! for a millisecond pulsar

(MSP). The transverse acceleration = 5 x 10~3m s—2 h lsar 1 lerati t b I
is assumed for the gravitational field of the GRh{nney € pulsar fransverse acceleration cannot be we
determined if the oscillation is drowned by other timing

1993. We assume a certain time intenAt;,,; = 10° s ) . :
between each two nearby TOAs to simulate the observerc?s'duals' Based on the simulated envelopes of the residual

TOA series Kie etal. 2015 Xie & Zhang 2019. Since curves, we speculate thqt the pulse phase with the annual
the rotational period is nearly constant, the pulsar spir?ﬁ(aCtS may be characterized by
frequencyv, and its derivatives andi’ can be obtained 1. 1.
by fitting the TOA series to third order (cubic term) of its ®(t) = Do+ vt —to) + ¥t - to)” + g/t to)’
Taylor expansion over a time spdb, + U (t — tO)Q cos|w(t — to) + N,

1 1 (11)

O(t) = Po+v(t—to) + §I)(t — )% + gi)(t —t0)®. (9)  in which 2/ and ) are free parameters! is responsible
for the residual due to the coupling effect, ands the

The pulsar period® = 1/v and its derivative® = —/v>  angular velocity of the Earth in its orbit. We perform again
are quoted in place af and v respectively. Here we are the residual simulation with the same parameters, but fit the
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phase sequences with Equatidi) The magnitude of the 100 F ]
simulated residuals is fairly lowg 1 ns), which means the sol
effect can be described well with Equatidti), at least for 60 |- ]
the case that the timing residuals are uncorrelated in pulsa al ]
timing. 2 2| -

If the annual effect correlates with “red noises”, which § ot E
consist of low-frequency structures in timing residuas, i %
may cause some errors in estimating the parameters of the % et
timing model and their uncertaintie€¢les et al. 2011 g ope .
For this case, we firstly construct a phenomenological 3 *r /[ ----=e T ]
model for the pulsar timing residual with multi-periodic - :
oscillations, and the pulse phase evolution can be rewritte Wp — T :
in the following form oF T~/ ]

) 2 ) 5 -4 -3 -2 -1 RQ/r 1 2 3 4 5
b+ G =0, D) _ N
Fig.3 The amplitudes of timing residuals due to the

coupling effect of the pulsar transverse acceleration and
the Romer delay, for pulsars in a GC for 20-yr observing

N
inwhich G (t) = H_i:zl i Sm(%%)’ andk; andT; are the campaign. Upper panel: the residual amplitude with
magnitude and period for theth oscillation, respectively. respect tol, and R/, = r. is taken in the calculation.
Then, we simulate the “red noises” for three oscillationBottom panel: the residual amplitude with respect £ ,
modes, and the period for two of them is about one yeaf?m I =rcis assumed.
Thus in the simulations, the three oscillation modes with
ki = ko = kg = 107, Ty = 09yr, T, = 1.1yr  (Prageretal. 2017
and73 = 5.0 yr are adopted (seZhang & Xie 2013
Xie et al. 2015for more details about the simulation). For P r
the annual effect, we also take = 5 x 103 ms—2. The (") = —47Gpcrer’™ = [sinh (T—)*ﬁ]
simulated residuals in fitting the phase with Equatié ( e TeVlt(r /Tas)
and EquationX1) are shown in the upper and lower panelswherear(r/) is the mean-field acceleration apd is the

of Figure2, respectively. By comparing the two residuals, ;e gensity. The King density profile which most strongly
one can see that the annual effect of the transvers&is the GC potentiaking 1962

acceleration is fully separated out by Equatiaf)( since
the curve in the bottom panel overlaps completely with the 3
residual curve for the sgme oscillatirz)n moges b)L/J'[ not the p(r') = pell + (' re)] 2, (14)
annual effect.
is included in the model. We get the transverse acceleration
3.2 Residual Amplitudes of Pulsarsin GCs a, by projecting the acceleratiom,(r’) along the
transverse direction by a factor d@t’, /r’. Substituting
In the above simulationsl, = 1 kpc anda; = 5 x  typical values ofp. = 10° M pc? anddy = 5 kpc for
10~8 m s~ 2 are assumed. However in more practical caseghe GC, and using EquatioB)( we obtain the amplitude of
distances for many GCs are usuallys kpc, thus inducing the residuals for variousor R’ , as depicted in Figurs.
residuals with amplitude of only tens of nanosecondsAs expected, the amplitudes are very sensitive tcand
which is relatively small, even though these pulsars havactually proportional to the mass of the core. The results
the highest timing precision (e.g.Pereraetal. 20)9 also imply that the residuals due to the coupling effect may
However, a pulsar’s transverse acceleration due to the GCfyobably be observed, particularly for those pulsars which
mean field differs from its location with respect to the are distributed in the vicinity of big cores and located near
center of gravity (CoG) and the GC geometry. the O plane.

We define the plane running through the CoG and The amplitudes of the residuals presented in Figure
perpendicular to our line-of-sight &3, the core radius and Figure3 do not depend on the initial values of pulsar
of the GC asr., the impact parameter for each pulsarspin parameters (e.g? and P), and thus are universal
from the CoG asR/, the line-of-sight position going for different pulsars. The simulations for MSPs or normal
perpendicularly througl® as! and the pulsar’s spherical pulsars in the Galaxy witlhe = 107'° ms~2 are also
radiusr’ (= /R’ + [2). Then the cluster acceleration felt performed, and we found that the acceleration is small and
at any given radius out from the core can be written asas little influence on pulsar timing.
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4 SUMMARY eds. R. Bernabei, & A. Incicchitti, 252

) o ) Hobbs, G. B., Edwards, R. T., & Manchester, R. N. 2006,
We simulated the timing residuals of a pulsar due to MNRAS, 369, 655

the coupling effect of the transverse acceleration anq—iobbs G. Coles. W.. Manchester. R. N.. et al. 2012 MNRAS
the Fomer delay, for a 20-yr observing campaign. It ,,. 545,

is found that the envelopes of the residuals due to thejenet F. A, Lommen, A., Larson, S. L., & Wen, L. 2004, ApJ
pulsar acceleration are two parabolic curves, which may 06. 799

be used to identify the transverse acceleration of a pU|Sakaspi, V. M., Taylor, J. H., & Ryba, M. F. 1994, ApJ, 428, 713
Even if drowned by other timing residuals, they can aIsoKing, 1. 1962, AJ, 67, 471

be modeled well and separated out with Equatid®).( | 5rchenkova, T. I., & Doroshenko, O. V. 1995, A&A, 297, 607
However, the annual effect on pulsar timing is usually| ge k. 3. Wex, N.. Kramer, M., etal. 2011, MNRAS, 414, 3251
relatively small: for pulsars in the Galactic field, the | grimer, D. R., & Kramer, M. 2004, Handbook of Pulsar
acceleration due to the Galactic potential is of the order of Astronomy, 4 (UK: Cambridge Univ. Press)

aboutge = 107'% ms™2, which induces timing residual |yne A & Graham-Smith, F. 2012, Pulsar Astronomy (Franci

< 1.nS' Only for these pulsars in GCSj' this effect is Graham-Smith, Cambridge, UK: Cambridge Univ. Press)
possibly needed. We calculated the amplitudes for pulsargynchester. R. N.. Hobbs. G. B.. Teoh. A.. & Hobbs. M. 2005
distributed around the cores of GCs, and the results imply AJ 129. 1993

that the coupling effect may prqbably be observed forNANOGrav Collaboration, Arzoumanian, Z., Brazier, A., &t a
pulsars located near th@ plane in close clusters. We 2015, ApJ, 813, 65

expect to gain more details on the timing residuals anq\lomura, K., lto, A., & Soda, J. 2020, European Physical Jalurn
a much deeper understanding of GC dynamics applying C 80. 419

future larger samples of MSPs with higher precision dataPeréra,’B. B. P. DeCesar, M. E.. Demorest, P. B.. et al. 2019,
to be acquired by China’s Five-hundred-meter Aperture MNRAS, 490, 4666

Spherical radio-Telescope (FAST) and the future Squar?’hinney, E. S. 1992, Philosophical Transactions of the Roya

Kilometre Array (SKA). Society of London Series A, 341, 39
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