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ABSTRACT

Based on the rate of change of its orbital period, PSR J2043+1711 has a substantial peculiar ac-

celeration of 3.5 ± 0.8 mm/s/yr, which deviates from the acceleration predicted by equilibrium Milky

Way models at a 4σ level. The magnitude of the peculiar acceleration is too large to be explained

by disequilibrium effects of the Milky Way interacting with orbiting dwarf galaxies (∼1 mm/s/yr),

and too small to be caused by period variations due to the pulsar being a redback. We identify and

examine two plausible causes for the anomalous acceleration: a stellar flyby, and a long-period orbital

companion. We identify a main-sequence star in Gaia DR3 and Pan-STARRS DR2 with the correct

mass, distance, and on-sky position to potentially explain the observed peculiar acceleration. However,

the star and the pulsar system have substantially different proper motions, indicating that they are

not gravitationally bound. However, it is possible that this is an unrelated star that just happens to

be located near J2043+1711 along our line of sight (chance probability of 1.6%). Therefore, we also

constrain possible orbital parameters for a circumbinary companion in a hierarchical triple system with

J2043+1711; the changes in the spindown rate of the pulsar are consistent with an outer object that

has an orbital period of 60 kyr, a companion mass of 0.3 M⊙ (indicative of a white dwarf or low-mass

star), and a semi-major axis of 1900 AU. Continued timing and/or future faint optical observations of

J2043+1711 may eventually allow us to differentiate between these scenarios.

1. INTRODUCTION

Incredibly precise time-series measurements of pul-

sars have been pushing the boundaries of astrophysics

for several decades. Pulsars have been widely used as

tests of strong-field general relativity (Damour & Tay-

lor 1992; Stairs 2003; Antoniadis et al. 2013; Weisberg

& Huang 2016), and have recently been used to find

the first strong evidence of a gravitational wave back-

ground (Agazie et al. 2023a; EPTA Collaboration et al.

2023; Reardon et al. 2023; Xu et al. 2023). The ability

to use pulsars as accelerometers is becoming increas-

ingly relevant, and binary millisecond pulsars have al-

ready been used to map our Galaxy’s gravitational field

without the kinematic assumptions of dynamical equi-

librium or symmetry (Chakrabarti et al. 2021; Moran

et al. 2023; Donlon et al. 2024). The spin period of soli-

tary millisecond pulsars could in principle also be used

if the dependence on the magnetic braking were known,

but currently this procedure leads to large uncertainties

∗ NANOGrav Physics Frontiers Center Postdoctoral Fellow
† Deceased
‡ CCAPP Fellow

(Phillips et al. 2021). The variety of relevant uses for

pulsars make them extremely important astrophysical

tools; as such, understanding anomalies in the proper-

ties of individual pulsars is crucial, as the physics of

pulsars can have widespread implications across multi-

ple fields.

PSR J2043+1711 was first discovered by the Fermi

Large Area Telescope (Atwood et al. 2009; Acero et al.

2015) as a gamma-ray source, and was then shown to be

a millisecond pulsar by Guillemot et al. (2012) using the

Nançay Radio Telescope. These follow-up observations

showed that the pulsar was in a 1.48 day period orbit

around a companion, which was likely a helium white

dwarf due to its low mass. Due to the pulsar’s partic-

ularly stable rotation rate, it was quickly added to the

list of pulsars observed by the NANOGrav collabora-

tion, and a measurement of the mass of the pulsar from

Shapiro delay was included in the NANOGrav 9-year

dataset (NANOGrav Collaboration et al. 2015). The

most up-to-date parameters for J2043+1711 use timing

data with a 9.2 year baseline from the NANOGrav 15-

year data release (Agazie et al. 2023b), where the fit was

performed using the ELL1 binary model.
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We show that the observed acceleration of

J2043+1711, when computed using the parameters

provided by the NANOGrav 15-year data release, is

statistically inconsistent with predictions from com-

monly used models for the gravitational potential of

the Galaxy. We explore several scenarios that could

potentially generate this observed deviation, including

dynamical disequilibrium in the Galaxy, a stellar flyby,

a circumbinary orbital companion, and J2043+1711

being a spider pulsar. The observed acceleration of

J2043+1711 is statistically inconsistent with predictions

from commonly used Galactic potential models, because

the magnitude of accelerations caused by dynamical dis-

equilibria are too small to explain the observed peculiar

acceleration. Similarly, if J2043+1711 were a spider pul-

sar, it would experience an intrinsic acceleration that is

orders of magnitude larger than what we observe for this

system. This leaves the stellar flyby and circumbinary

companion scenarios as the only two viable options that

could explain the observed peculiar acceleration of the

system.

Each of these possibilities has distinct ramifications

for its respective field: it is now clear that dynamical

disequilibrium is essential to understanding our Galaxy,

and can be constrained using pulsar timing data (e.g.

Antoja et al. 2018; Petersen & Peñarrubia 2021; Don-

lon et al. 2024); stellar flybys are incredibly rare, and

have only been observed a handful of times in young

and proto-stellar systems (Dai et al. 2015; Borchert et al.

2022; Cuello et al. 2023); and it is unknown how common

circumbinary companions to binary millisecond pulsars

are, although at least two such hierarchical triple sys-

tems have been shown to exist (Thorsett et al. 1993,

1999; Ransom et al. 2014) and others have been pro-

posed (e.g. Nieder et al. 2022). Additionally, constrain-

ing the properties of circumbinary objects could prove

useful for understanding the formation processes of pul-

sar systems. J2043+1711 is a uniquely interesting sys-

tem that allows us to explore each of these ideas.

This would not be the first time that an unexpected

acceleration of a pulsar has led to the discovery of an

orbital companion. Matthews et al. (2016) argued that

J1024−0719, at the time believed to be an isolated pul-

sar, had anomalous velocity and acceleration measure-

ments that were consistent with an orbital companion

at a large distance from the pulsar. Later, Kaplan et al.

(2016) and Bassa et al. (2016) simultaneously showed

that J1024−0719 was in a wide orbit around with a K

star. While we are unable to determine the cause of the

peculiar acceleration for J2043+1711, we hope that the

arguments presented in this work will eventually lead to

the confirmation of an additional orbital companion or

a stellar flyby.

2. COMPUTING AN ACCELERATION

The NANOGrav 15 year data release incorporated

Post-Keplerian orbital parameters such as ṖObs
b based

on a statistical significance F -test that is roughly equiv-

alent to including any such parameter that has signif-

icance of ∼ 3σ or more; see Agazie et al. (2023b) for

more details. PSR J2043+1711 was found to have a

significant ṖObs
b using this criterion.

The observed change in the orbital period (ṖObs
b ) of

a millisecond pulsar binary system can be decomposed

into several independent effects:

ṖObs
b = Ṗ Shk

b + ṖGR
b + Ṗ Int

b + ṖΦ
b . (1)

The term Ṗ Shk
b is the change in the orbital period (Pb)

due to the Shklovskii Effect (Shklovskii 1970), which

is caused by transverse motion of the source on the sky

leading to an apparent change in the orbital period. The

term ṖGR
b is the amount that Pb decreases due to the

relativistic decay of the binary orbit from the emission of

gravitational waves (Peters & Mathews 1963; Weisberg

& Huang 2016), and is a function of the orbital period,

eccentricity and masses of the objects in the system.

J2043+1711 is not a particularly relativistic system, so

in this case ṖGR
b is an order of magnitude smaller than

the other terms. Errors were propagated in the standard

way for these terms based on individual uncertainties in

distance, proper motion, the respective masses, etc.

The term Ṗ Int
b is a catch-all term for various interac-

tions between a pulsar and its orbital companion. This

includes tidal effects, radiative effects, exchanges of mass

and/or angular momentum, etc. These effects can be

caused either by the strong emission jets radiated by the

pulsar interacting with the companion, stellar evolution

of the companion causing a change in the configuration

of the orbit, or some other complicated process.

The remaining term, ṖΦ
b , corresponds to the amount

that Pb changes due to the gravitational potential at the

position of the pulsar. The line-of-sight acceleration of

the pulsar (relative to the Solar system barycenter) can

be calculated as

alos = a · x̂los =
ṖΦ
b

Pb
c, (2)

where x̂los is the unit vector pointing from the Sun to

the pulsar. Note that this is not an absolute acceler-

ation with respect to the inertial frame of the Galaxy;

rather it is the difference between the potential gradient

at the location of the pulsar and the potential gradi-
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ent at the Solar position. As such, it is not affected by

uncertainties in the Solar location or velocities.

The term ṖΦ
b is also commonly written as ṖGal

b , as

the relevant quantity is typically the acceleration due

to the large-scale gravitational field of the Milky Way

(MW), while other effects that can cause accelerations

are presumed to be negligible. However, in this case it

is helpful to split the line-of-sight acceleration into two

distinct components;

alos = aGal
los + aPeclos , (3)

where aGal
los is the line-of-sight acceleration due to the

large-scale (smooth) gravitational field of the MW, and

aPeclos is the peculiar line-of-sight acceleration of the pul-

sar due to additional effects.

We are able to calculate alos for PSR J2043+1711 us-

ing Equations 1 and 2 with the timing solution from the

NANOGrav 15-year data set (Agazie et al. 2023b, see

Table 1), yielding alos = 2.2 ± 0.8 mm/s/yr. Using the

MilkyWayPotential2022 model from the Gala package

(Price-Whelan 2017), we estimate the contribution from

the smooth Galactic potential to be aGal
los = −1.47±0.10

mm/s/yr, where the uncertainty in this value arises from

the uncertainty in the distance to the pulsar. This

potential model is fit to observed kinematic data, and

therefore represents a reasonable time-static approxima-

tion to the true Galactic potential. Using other common

kinematic potential models only changes the value of

aGal
los by a few percent, which does not change the fol-

lowing analysis.

This leads to a peculiar line-of-sight acceleration of

aPeclos = 3.7 ± 0.8 mm/s/yr. However, Donlon et al.

(2024) showed that pulsar accelerations have a global

trend relative to kinematic MWmodels; this effect might

be related to dynamical disequilibrium features or a pe-

culiar Solar acceleration, but cannot be explained by

processes intrinsic to pulsar timing, and as a result con-

tributes a bias to measured accelerations. The amount

of bias expected at the position of J2043+1711 is 0.5±0.1

mm/s/yr, which was determined using the procedure

in Section III of Donlon et al. (2024) (see Appendix A

for more information on how this calculation is done).

Subtracting this amount to remove the bias reduces the

peculiar line-of-sight acceleration to aPeclos = 3.2 ± 0.8

mm/s/yr. This is roughly double the strength of the

expected Galactic acceleration, and represents a 4σ de-

viation from the underlying Galactic potential models.

The possible causes for this peculiar acceleration are ex-

plored in the following sections.

Note that we report symmetrical uncertainties

throughout this work, although this may not be the

case for individual quantities – for example, distance has

PSR J2043+1711

Fit Parameters

Spin Frequency Epoch MJD 57413.000000000

Binary Epoch TASC = MJD 57413.501338113(3)

f 420.18944316950783(10) s−1

f (1) −9.25932(2)E−16 s−2

f (2)∗ 3.5(24)E−27 s−3

f (3)∗ 5.8(27)E−34 s−4

Pb 1.482290786388(6) days

ṖObs
b 1.02(12)E−13 s/s

ϖ 0.64(4) mas

sin i 0.990(1)

Derived Parameters

d 1.56(10) kpc

µα −5.703(11) mas yr−1

µδ −10.841(17) mas yr−1

e 5.01(8)E−6

Mp 1.62(10) M⊙

Mc 0.190(7) M⊙

Ṗ Shk
b 7.3(5)E−14 s/s

ṖGR
b −2.86(16)E−15 s/s

Gaia DR3 1811439569904158208

mG 17.27

MG 6.0+0.3
−0.2

BP −RP 1.13

µα 3.81(7) mas yr−1

µδ 0.13(6) mas yr−1

ϖ 0.57(7) mas

RUWE 0.93

MFLAME 0.80+0.04
−0.05 M⊙

gPS 17.912(4)

rPS 17.341(4)

iPS 16.935(3)

zPS 16.850(3)

yPS 16.946(7)

RV∗ −4(50) km/s

Table 1. Properties of PSR J2043+1711 and Gaia DR3
1811439569904158208. The quantities marked with * are fit
separately and are not part of the NANOGrav 15-year data
set or Gaia DR3 catalog.

an asymmetric uncertainty distribution. Donlon et al.

(2024) show in their Figure 2 and related discussion that

this treatment is appropriate for most pulsars (including

J2043+1711), and produces very similar values and un-

certainties for inferred accelerations. We have confirmed

that this assumption is appropriate for the various com-

ponents of Ṗb, which have only slightly non-Gaussian

posteriors.
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PSR Ṗb/Pb

(1/s)

J2043+1711 7.8E−19

J0024−7204W −1.5E−15

J1023+0038 −4.3E−15

J1048+2339 −1.2E−14

J1227−4853 −3.5E−14

J1622−0315 2.2E−15

J1717+4308A 9.5E−16

J1723−2837 −6.6E−14

J1740−5340A 2.6E−17

J1748−2446ad −2.4E−17

J1803−6707 −3.5E−15

J2039−5617 4.1E−16

J2215+5135 −3.0E−14

J2339−0533 −1.2E−14

Table 2. Fractional change in orbital period over time for
J2043+1711 compared to those of redback pulsars.

This process was also carried out for all other pulsars

in the Donlon et al. (2024) dataset, but only J2043+1711

was found to have a peculiar acceleration that deviates

from the expected Galactic acceleration by more than

3σ. This further suggests that the anomalous accelera-

tion of J2043+1711 is actually due to some process oc-

curring specifically for that pulsar – if this phenomenon

was a result of incorrectly calculating accelerations for

pulsars in general, then we would expect to see the same

type of anomalous accelerations in many pulsars, which

is not the case.

3. IS J2043+1711 A SPIDER PULSAR?

The first term in Equation 1 that we wish to consider

is Ṗ Int
b , because it is plausible that what the observed

peculiar acceleration is not actually a physical acceler-

ation at all, but a variation in the orbital period of the

J2043+1711 system due to some sort of complicated in-

teraction between the bound objects. One common type

of system that could experience a large Ṗ Int
b is a redback

pulsar.

Spider pulsars are systems where a star has transferred

mass to a neutron star companion, recycling the pul-

sar (Roberts 2013). If the system is configured so that

the pulsar wind interacts with the donor star, this can

ablate material away from the companion, leading to

evaporation of the donor star on Gyr timescales. The

two major categories of spider pulsars are black widows

(Mc < 0.1 M⊙) and redbacks (Mc > 0.1 M⊙); in red-

backs, the donor star usually becomes a low-mass but

overly-luminous star with an extended size and a seem-

ingly normal spectral type (De Vito et al. 2020).

The orbital period, companion mass, and spin pe-

riod of the J2043+1711 system can potentially classify

the binary as a redback (Swihart et al. 2022), although

J2043+1711 is located in an overlapping region shared

by redbacks and millisecond pulsar/white dwarf sys-

tems. Spider pulsars can experience intrinsic changes

in their orbital periods and often have multiple orbital

period derivatives, presumably due to tidal interactions

with their extended companion and the evaporated out-

flow from the donor star; if J2043+1711 is in fact a

redback, this could plausibly explain the observed pe-

culiar acceleration of the system without requiring any

additional nearby objects.

3.1. Eclipses

One way to determine whether a pulsar is a spider is

through eclipses; if a pulsar is eclipsed by its companion,

then its radio jets are occulted by the evaporated mate-

rial, confirming that the system is a spider. J2043+1711

does not have apparent eclipses in the phase-wrapped

residual of the NANOGrav 15-year dataset. This does

not positively rule out the case that J2043+1711 is a red-

back, as there are many non-eclipsing systems that are

confirmed to be spiders (i.e. Agazie et al. 2023b, which

discusses 3 non-eclipsing spiders); however, it is a point

that argues against the redback scenario, as a signifi-

cant Shapiro delay and an inclination angle of i ∼ 83◦

has been measured for the J2043+1711 system, which

makes it likely that we would detect eclipses if the com-

panion was being strongly irradiated. It is worth not-

ing, though, that because the system would be a long-

period redback, this would likely mean that any mass

loss from the companion would be minimal (due to the

large separation between the two objects), leading to

smaller eclipses, and a lower chance of multiple orbital

period derivatives and/or tidal interaction.

3.2. Higher Order Orbital Frequency Derivatives

Another way of checking whether the system is a red-

back is searching for nonzero higher orbital frequency

derivatives, which are often present in redback systems.

We used PINT (Luo et al. 2021) to fit the NG 15-year

data for J2043+1711 with up to four orbital frequency

derivatives. None of the higher order derivatives were

statistically significant (< 1σ), which is further evidence

that J2043+1711 is not a redback pulsar.

3.3. Scale of Inferred Accelerations for Redbacks

While it is not clear whether the system is actually

a redback, the question that remains is that whether

J2043+1711 being a redback could actually lead to the

observed peculiar acceleration. To test this, we collected
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a number of measured Ṗb/Pb for redback pulsars, which

are provided in Table 2; these quantities are the frac-

tional change in the orbital period over time, and are

related to an observed acceleration by a factor of c.

The data from this table comes from the Australia

Telescope National Facility Pulsar Catalogue (Manch-

ester et al. 2005), where we have selected a sample of

redback pulsars with the following properties:

1. Ps < 5 ms

2. Ṗb exists, and

3. The orbital companion is a main-sequence star.

Note that for many of these systems, the orbital fre-

quency and several time derivatives of the orbital fre-

quency were fit to the timing data instead of the orbital

period; in this case, we report

Ṗb

Pb
= − ḟb

fb
, (4)

where fb is the orbital frequency and ḟb is its first time

derivative.

All of the redback pulsars have observed values of

Ṗb/Pb that are several orders of magnitude larger than

the observed value of Ṗb/Pb for J2043+1711. It is there-

fore unrealistic that the acceleration of J2043+1711 is

the result of the system being a bona-fide redback pul-

sar, because the accelerations that would be inferred

due to the orbital interactions of redbacks are hundreds

to thousands of times larger than the observed peculiar

acceleration of J2043+1711.

3.4. Core Mass–Orbital Period Relation

Finally, redbacks of a given mass have a wide range

of companion masses. However, companion masses in

pulsar–Helium white dwarf systems tend to follow a nar-

row trend, which is known as the “core mass–orbital

period” relation (Tauris & Savonije 1999; Istrate et al.

2014). If J2043+1711 is really in a bound orbit with a

Helium white dwarf, the inferred mass of the companion

should lie on this relation. The relations given by (Tau-

ris & Savonije 1999) require an estimate of the chemical

composition of the companion (i.e. whether its progeni-

tor was a population I or II star), which we do not have.

However, assuming the companion’s progenitor was a

population I star and plugging in the orbital period for

the J2043+1711 system, we predict a companion mass

of 0.201 M⊙; for a population II object, the companion

mass is predicted to be 0.178 M⊙. These values bracket

the observed mass of the orbital companion, which is

further evidence that the companion of J2043+1711 is

in fact a Helium white dwarf, and the system is not a

redback pulsar.

Since the system does not appear to be a redback

pulsar, we move forwards with the assumption that

Ṗ Int
b = 0; or, in other words, that the observed pecu-

liar acceleration is in fact an actual acceleration caused

by a gravitational effect near J2043+1711.

4. GALACTIC CAUSES

The MW is known to currently be in dynamical dise-

quilibrium. This includes corrugations (Xu et al. 2015),

vertical density asymmetries (Widrow et al. 2012), and

phase space structures (Antoja et al. 2018) in the Galac-

tic disk (where J2043+1711 is located) that are poten-

tially related to interactions between the MW and or-

biting satellite dwarf galaxies. Notably, the acceleration

field of the MW as measured using pulsars has been

shown to be in substantial disequilibrium (Chakrabarti

et al. 2021; Donlon et al. 2024). These disequilibrium

features have been shown to either be associated with

or strongly dependent on the motions of orbiting satel-

lite dwarf galaxies (e.g. Gómez et al. 2017; Antoja et al.

2018). As such, it is plausible that the observed pecu-

liar acceleration of J2043+1711 might be due to some

disequilibrium feature in the MW disk that is related to

interactions between the MW and its satellite galaxies.

Given a gravitational potential field Φ(x), the line-

of-sight acceleration due to gravity can be calculated

as alos = −∇x̂los
Φ(x), where ∇x̂los

indicates the direc-

tional derivative along our line of sight. This allows us

to rewrite Equation 3 as a decomposition of the total

potential at the location of PSR J2043+1711,

∇x̂los
Φtot = ∇x̂los

(Φsmooth +Φdiseq) , (5)

where Φsmooth is the gravitational potential of the MW

if it were in dynamical equilibrium (i.e., its distribution

function were static), and Φdiseq is some local pertur-

bation to the static gravitational potential field due to

a disequilibrium process. Here, Φsmooth corresponds to

aGal
los in Equation 3, while Φdiseq corresponds to aPeclos , al-

though we use different terminology in this case because

both Φsmooth and Φdiseq arise from the total gravita-

tional potential of the Galaxy.

Since kinematic models assume dynamical equilib-

rium, the acceleration predicted by these models cor-

responds to the acceleration due to Φsmooth. It is un-

likely that the observed peculiar acceleration is caused

by using an incorrect smooth potential model due to the

observed acceleration of J2043+1711 having the oppo-

site sign as the smooth potential model prediction. As a

result, in this picture any observed deviation in the ac-

celeration of PSR J2043+1711 must come from Φdiseq.
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Figure 1. Simulated line-of-sight accelerations that are im-
parted on the Galactic disk due to interactions with satellite
galaxies (Chakrabarti et al. 2019). These accelerations are
for objects located in the Galactic plane, i.e. at Z = 0.
The top panel shows a simulation that only included the ef-
fects of the Sgr Dwarf Galaxy, whereas the bottom panel
shows the effects of Sgr as well as the Magellanic Clouds.
Positive (blue) regions are accelerating away from the Sun,
and negative (red) regions are accelerating towards the Sun.
These acceleration residuals were obtained by subtracting
the accelerations of the initial conditions of the simulation
from the accelerations at the present day; this is necessary
because the potential of the smooth, unperturbed disk domi-
nates the observed accelerations, and is unrelated to satellite
interactions. The typical amplitude of peculiar accelerations
due to this particular disequilibrium feature are on the scale
of 0.5-1 mm/s/yr, which is not large enough to explain the
observed peculiar acceleration for J2043+1711.

Figure 1 shows the peculiar acceleration field that is

imparted on the Galactic disk plane in simulations of the

Sagittarius Dwarf Galaxy and the Magellanic Clouds

interacting with the MW (the details of the simula-

tions are described in Chakrabarti et al. 2019). The

large mass of the Magellanic Clouds (e.g. Erkal et al.

2019) and the proximity of the relatively massive Sgr

Dwarf Galaxy makes them the main source of external

tidal forces on the MW. The perturbations caused by

the satellite interaction are on the order of roughly 1

mm/s/yr near the Sun, which is too small to cause the

observed peculiar acceleration of J2043+1711.

These simulated accelerations are also interesting from

a Galactic structure perspective. This ∼ 1 mm/s/yr

perturbation is consistent with the findings of Donlon

et al. (2024), who noted that the vertical acceleration

profile of the disk is offset by roughly that amount com-

pared to a static equilibrium potential profile. It is

worth pointing out that the line-of-sight acceleration

at the location of J2043+1711 differs by less than 1

mm/s/yr between most of the disequilibrium potential

profiles examined by Donlon et al. (2024) and the static

equilibrium potential. Two of the Donlon et al. (2024)

models (“local expansion” and “α-β+2 Point Mass”) de-

viate from the static equilibrium potential by 3 mm/s/yr

at the location of J2043+1711; however, if J2043+1711

is removed from the dataset and these models are then fit

again to the remaining pulsars, these deviations become

less than 1 mm/s/yr. This indicates that J2043+1711

was strongly biasing these fits, and as a result should

probably be removed from future analyses of the Galac-

tic acceleration field.

While the actual masses of the dwarf galaxies could be

larger than what was used in these simulations, which

would increase the magnitude of the perturbations to

the MW disk, it is unlikely that the perturbations from

the dwarf in reality are an order of magnitude larger that

in this simulation, which would be required to explain

J2043+1711’s observed peculiar acceleration.

The presence of disequilibrium effects could reduce the

significance of the peculiar acceleration on a ∼ 1σ level

by altering the potential at the location of J2043+1711

in a way that partially explains the observed peculiar

acceleration. However, the perturbation could just as

easily work in the other direction, making the pecu-

liar acceleration even less consistent with the effect of

the underlying Galactic potential. Currently, published

simulated models cannot exactly recover the observed

perturbations of the Milky Way disk due to the inter-

actions with orbiting satellites (Bennett & Bovy 2021);

therefore, we urge the reader not to read into the ex-

act shape and orientation of the acceleration profiles in

Figure 1, but instead to look at the broad patterns and

magnitudes of the effects, which are more likely to be

representative of actual MW disk structure.

It is also possible that dark matter substructure on

∼kpc scales, such as ΛCDM subhalos (Diemand et al.

2007; Bullock & Boylan-Kolchin 2017) or fuzzy dark

matter density fluctuations (Hu et al. 2000; Hui et al.

2017) could be responsible for the anomalous accelera-
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tion. However, dark matter substructure and interac-

tions with orbiting satellite galaxies should perturb the

entire acceleration field on ∼kpc scales, not only a small

region, and therefore cause similar correlated anomalous

accelerations for other pulsars in our sample. Since we

do not observe similar peculiar accelerations in any of

the 11 other pulsars in the Donlon et al. (2024) dataset

that have similar measurement precision as J2043+1711

(S/N > 1), we conclude that the peculiar acceleration

is almost certainly caused by an effect that is local to

J2043+1711.

5. STELLAR FLYBY

In order to determine whether the observed peculiar

acceleration could be caused by any known optical ob-

jects that are near J2043+1711 on the sky, we queried

Gaia DR3 (Gaia Collaboration et al. 2022). The closest

star on the sky to the J2043+1711 system, designated

Gaia DR3 1811439569904158208, has an angular sepa-

ration of 2.4” from J2043+1711. Further, the parallax of

this star is consistent with the parallax of J2043+1711

within their respective error bars: J2043+1711 has a

parallax of 0.64 ± 0.04 mas, and the main sequence star

has a parallax of 0.57 ± 0.07 mas after applying the

Gaia DR3 zero-point correction (Lindegren et al. 2021).

We checked the impact of the Lutz-Kelker bias (Lutz &

Kelker 1973) as it applies to pulsars (Verbiest et al. 2012;

Igoshev et al. 2016), and found it to be irrelevant in this

case. While additional uncertainty in parallaxes fit to

timing data can be potentially problematic depending

on how red noise is handled for the source, it is proba-

bly not a major source of error for J2043+1711, which

has no detectable red noise and consistent timing par-

allax values throughout previous NANOGrav data sets

(Alam et al. 2020; Agazie et al. 2023b).

The proximity of this star to J2043+1711 makes it

a plausible candidate for the source of the anomalous

acceleration. However, there is a chance that that the

main-sequence star is unrelated to the J2043+1711 sys-

tem, and just happens to be located nearby on the sky

due to random chance. To test this, we estimated the

odds that, given a random point on the sky, we would

expect to observe a star brighter than 18th magnitude

within 2.5” of the selected location. We collected all

objects in Gaia DR3 brighter than 18th magnitude in

1 square degree of the sky centered on J2043+1711.

Over 1 million Monte-Carlo samples, we observe that

a randomly-selected point has a 1.6% chance of being

located within 2.5” of a G<18 star. If the star is also

required to have a parallax within 0.2 mas of a parallax

selected at random from the Gaia DR3 parallax distri-

bution, this drops to just 0.6%. This does not imply

Figure 2. Configuration of J2043+1711 and Gaia DR3
1811439569904158208. The top panel shows PS1 photom-
etry; the blue circle shows the location of the main se-
quence star in Gaia DR3, and the red cross is the location
of J2043+1711. The arrows show the directions and relative
magnitudes of the proper motions of each object. The bot-
tom panel shows a diagram containing the relative distances
to each object, as defined in Equation 6. The golden star is
the location of the Sun. Note that the two angles labeled θ
are equivalent since ϕ is small and l ≪ d.
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that the association of the star with J2043+1711 is sim-

ply due to random chance (especially considering the

agreement in the parallaxes of the objects) but it is im-

portant to consider that this could still be a specious

association.

The mass of the main-sequence star is estimated to be

0.8 M⊙ based on its photometry using the Gaia astro-

physical parameter estimation pipeline (Fouesneau et al.

2023). Using this information plus the star’s location on

the sky, we can determine the line-of-sight distance be-

tween the star and the pulsar that produces the observed

peculiar acceleration:

aPeclos =
GMMS

r2
cos θ =

GMMS

√
r2 − s2

r3
, (6)

where r is the total distance between the two objects, ϕ

is the angle between our line of sight and the vector from

the pulsar to the star, s = d cosϕ is the projected dis-

tance between the objects, θ is the angle at J2043+1711

between our line of sight and the main-sequence star,

andMMS is the mass of the main sequence star. At a dis-

tance of d = 1.7 ± 0.1 kpc (obtained from the weighted

mean of the two objects’ parallaxes), s = 4000±300 AU,

which sets the line-of-sight distance between the pulsar

and the star to be l = 6500±700 AU, and r = 7700±700

AU.

The main-sequence star was also identified in Pan-

STARRS DR2 (Chambers et al. 2016), where it has

the identifier PSO J310.8369+17.1921. It has a simi-

lar apparent magnitude to the Gaia observation of the

star; the Pan-STARRS photometric data for the star

are given in Table 1, and are consistent with the mass

and effective temperature listed for this star. This was

the closest Pan-STARRS optical source to J2043+1711

on the sky. Another faint object is located 3.2” from

J2043+1711 in Pan-STARRS, which could potentially

be a very low mass star near J2043+1711 given its ap-

parent magnitude g ∼ 25 and color g − i ∼ 2. However,

this faint object only has 2 detections in Pan-STARRS

and fairly large photometric uncertainties, so it is un-

clear whether it is an actual star; regardless, even if it is

a real star located at the optimal line-of-sight distance to

maximize an imparted line-of-sight acceleration, its on-

sky separation from J2043+1711 and mass of the faint

object (based on its color) would not be able to explain

the observed peculiar acceleration.

However, J2043+1711 and the Gaia main-sequence

star do not have similar proper motions, as shown in Ta-

ble 1. This indicates that if the anomalous acceleration

were indeed caused by the gravity of the main sequence

star, then J2043+1711 is currently experiencing a stellar

flyby.

Renormalized Unit Weight Error, or RUWE, is a mea-

sure of how well the Gaia astrometric pipeline is able

to fit observations of an object; values above 1.25 indi-

cate that the object is likely a member of a binary due

to additional movement on the sky not associated with

parallax or proper motion (Penoyre et al. 2022). Our as-

sessment that J2043+1711 and the main-sequence star

are not orbiting one another is corroborated by the fact

that the RUWE value for the main sequence star in Gaia

DR3 is only 0.93. Additionally, the Gaia DR3 inter-

nal classification schema did not identify this star as a

likely binary system (Halbwachs et al. 2023). However,

it should be noted that at a distance of r = 7700 AU, the

minimum orbital period of the system is roughly 500,000

years, which is much longer than the ∼ 1000 day prac-

tical period limit of the Gaia DR3 binary classification

algorithm (Holl et al. 2023).

5.1. Is Gaia DR3 1811439569904158208 a Runaway?

It is possible that the main-sequence star could be a

runaway (or hypervelocity) star (Hoogerwerf et al. 2001;

Irrgang et al. 2018); these stars are ejected from open

clusters or the center of the Galaxy due to close encoun-

ters with other stars or the MW’s central black hole,

which gives them very large velocities of many hundreds

of km/s. This could potentially explain why we observe

this object so close to another star, as a runaway would

have a velocity very different to that of disk stars. How-

ever, the full 3-dimensional velocity of the star is re-

quired to determine whether the main-sequence star is

actually a runaway.

Using the SuperNova Integral Field Spectrograph

(SNIFS, Aldering & Supernova Factory 2007) as part

of The Spectroscopic Classification of Astronomical

Transients (SCAT, Tucker et al. 2022) Survey, we ob-

tained 2x20 min. R ∼ 1200 spectra of Gaia DR3

1811439569904158208 and a nearby bright Gaia stan-

dard star (HD197195) with a known line-of-sight veloc-

ity of RV = 29 km/s (Soubiran et al. 2018); these spectra

are shown in Figure 3. Using the Na doublet, Hα, and

2 of the Ca triplet lines, we measure the line-of-sight

velocity of Gaia DR3 1811439569904158208 to be RV =

-4 km/s. Randomly bootstrapping the observed spec-

tra 1000 times using the uncertainty of the flux in each

pixel results in an uncertainty of 14 km/s. This is likely

an underestimate, as SNIFS has been shown to have a

50 km/s systematic uncertainty when measuring galaxy

velocities (Do et al. 2024); however, even with this large

uncertainty, the magnitude of the star’s actual line-of-

sight velocity should not be much larger than 50 km/s,
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Figure 3. The spectrum and corresponding line-of-sight
velocity measurement of Gaia DR3 1811439569904158208.
R∼1200 spectra are shown for a standard Gaia star
with a well-known radial velocity, and Gaia DR3
1811439569904158208. The absorption lines that were used
to compute line-of-sight velocity are highlighted in gray. The
distribution of line-of-sight velocity measurements (after sub-
tracting the velocity of the standard star) from 1000 boot-
straps is provided in the bottom panel; it has a median and
standard deviation of RV = -4 ± 14 km/s.

confidently ruling out a line-of-sight velocity of hundreds

of km/s.

Combined with the proper motion of the star, we

determine that the star has a 3-dimensional Galacto-

centric velocity of (11, 224, -16) km/s, total energy of

E ∼ −1.25 × 105 km2/s2 and an angular momentum

of Lz ∼ −1700 kpc km/s; these are typical values for a

disk star (Deason & Belokurov 2024), indicating that the

main-sequence star near J2043+1711 is not a runaway.

Varying the line-of-sight velocity of the star within ±50

km/s does not dramatically change these results.

5.2. Feasibility of a Flyby

As a sanity check, we calculated how far the main se-

quence star would have traveled relative to J2043+1711

over the 9.2 years that NANOGrav has observed this

pulsar. Assuming a relative velocity of 100 km/s (this is

slightly larger than the tangential velocity inferred from

the difference in the proper motions of the two objects,

and is reasonable, albeit large, for a relative motion be-

tween disk objects), the main sequence star would have

traveled roughly 200 AU. This is smaller than the un-

certainties of the distance between the objects, imply-

ing that the variation in line-of-sight acceleration due to

the star’s motion over the observation baseline is smaller

than the error bars on the observed line-of-sight accel-

eration. As such, the observed peculiar acceleration is

consistent with J2043+1711 experiencing a stellar flyby.

Similarly, we can estimate the probability of a close

encounter by assuming that the Galactic midplane has

uniform stellar density ρ∗. Then, for any given object,

the number of stars within a distance r0 of that object

is

N(r < r0) =
4π

3
ρ∗r

3
0. (7)

If we set ρ∗ = 0.0468 M⊙/pc
3 (Guo et al. 2020), each

object is expected to have 2.2×10−5 M⊙ worth of stars

within r0 = 10, 000 AU. Assuming each star is roughly 1

solar mass, we would expect to observe 1 star within r0
if we observed roughly 45,000 pulsars. Considering the

Donlon et al. (2024) sample of 26 pulsars, this trans-

lates to a 1 in roughly 1750 chance, indicating that it is

very unexpected but not outside the realm of possibil-

ity that we observe a stellar flyby around at least one

of these 26 pulsars. Note that J2043+1711 is located

0.4 kpc below the Galactic midplane, which is roughly

the scale height of the thin disk; as a result, the density

near J2043+1711 will be about a factor of e lower than

the midplane density. Similar reductions in density near

other pulsars makes this assessment an overestimate, al-

though the bias is not likely to be severe, because most
pulsars are located close to the plane.

6. LONG-PERIOD ORBITAL COMPANION

While a stellar flyby is a compelling explanation for

the observed peculiar acceleration of J2043+1711, it is

not the only possibility. A circumbinary companion with

an orbital period much longer than the NANOGrav ob-

servation baseline, i.e. a hierarchical triple, would ap-

pear to be a constant acceleration in the timing residuals

for J2043+1711. This scenario could possibly cause the

observed peculiar acceleration.

Gaia has a limiting magnitude ofG ∼ 21; at a distance

of 1.6 kpc, this corresponds to an absolute magnitude of

MG ∼ 10, and any objects fainter than this would not

be present in the Gaia DR3 catalog. Pan-STARRS has

a lower 98% limiting magnitude of gPS ∼ 23, requir-

ing that any unseen object near J2043+1711 must be
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fainter than MgPS
∼ 12. This limits any possible cir-

cumbinary companion to a neutron star, white dwarf,

low-mass (sub-)stellar object, or a black hole.

6.1. Orbital Constraints

The pulses of a pulsar in a binary orbit will be affected

by a Römer delay, which induces a sine wave in the

observed times of arrival (TOAs) for that pulsar due to

the motion of the pulsar around the common center of

mass (Lange et al. 2001). For a circular orbit, this delay

is described by

∆R = x sin i sin

(
2π

Pc
(t− t0) + ω

)
, (8)

where x is the semi-major axis of the orbit, i is the

orbital inclination of the system, Pc is the orbital period

of the outer binary, and ω is the phase of the orbit at

time t0.

If the orbital period is sufficiently long compared to

the observation baseline, this effect will appear to be

stationary, and can be constrained through variations

in the spindown rate of the pulsar (Joshi & Rasio 1997;

Jones et al. 2023). The derivatives of ∆R with respect

to time provide the line-of-sight velocity of the pulsar,

acceleration, jerk, and so on. Because these quantities

are related to the Doppler shift by

f (1)

f
= −a

c
, (9)

where we have used the notation f (n) ≡ dnf/dtn , one

can continue taking time derivatives of both sides to ob-

tain formulae for the higher-order spindown derivatives.

As ω is effectively a nuisance parameter, these quanti-

ties can be evaluated at t = t0 = 0 to obtain the general

form for this system of equations (Jones et al. 2023):

f (n)

f
=

x sin i

c

(
2π

Pc

)n+1

(−1)n+1 cos
(
ω − nπ

2

)
. (10)

Note that the above equation only describes a circular

orbit; Jones et al. (2023) point out that this is not nec-

essarily a good assumption, and provide instructions for

how to extend their result to eccentric orbits.

Jones et al. (2023) also note that successive spindown

derivatives that are actually caused by orbital compan-

ions should follow a alternating sign pattern based on

this formula, caused by successive derivatives of cosω.

As the NANOGrav 15-year fit only includes f and

f (1), we used the PINT software (Luo et al. 2021) to

fit additional spindown derivatives up to f (9) to the

J2043+1711 TOAs. The existing parameters from the

NANOGrav 15-year release were also allowed to vary

in this fit, but the optimal values for these parameters

did not noticeably change after the addition of the new

spindown derivatives.

At some point long-term variations (corresponding to

higher-order spindown derivatives) in the TOAs are ex-

pected to become dominated by red noise due to effects

such as interstellar space weather and the gravitational

wave background (Agazie et al. 2023c). To test this,

we used PINT to simulate TOAs for a pulsar with all

f (n) = 0, white noise on the order of 0.1 µs (comparable

to the observed noise level for J2043+1711; Agazie et al.

2023b), and red noise generated from a power law with

spectral index γ = −3.5. Fitting the simulated residu-

als with only spindown derivatives produced apparently

significant values with the same alternating sign pattern

as is expected from Equation 10. As a result, it is diffi-

cult to claim that the higher order spindown derivatives

we measure from J2043+1711 are actually due to a cir-

cumbinary companion rather than red noise. However,

because the NANOGrav 15-year data set did not show

significant red noise in J2043+1711 in the first place,

we move forward with the assumption that each f (n) is

actually due to an orbital companion.

The system of equations defined by Equation 10 are

degenerate between x sin i and Pc (a given orbital pe-

riod sets the semi-major axis), so we use the measured

peculiar acceleration of the system to provide a further

constraint on the orbital parameters of the system in

order to break this degeneracy. The line-of-sight accel-

eration is given as

aPeclos =
GMc

x2
sin i sin(−ω), (11)

where x = x(Pc,Mc) can be determined from Kepler’s

Third Law.

However, note that Equation 11 uses the line-of-sight

acceleration, which is proportional to f (1)/f ; this means

that Equations 10 and 11 are not independent. Al-

though adding this constraint allows us to break the

degeneracy between x and sin i, the inclination angle

cannot be fit and remains a free parameter.

6.2. Markov Chain Monte Carlo Results

Using these constraints, we set up a Markov Chain

Monte Carlo (MCMC) simulation using the emcee soft-

ware (Foreman-Mackey et al. 2013) in order to obtain

constraints on the possible orbital parameters for a cir-

cumbinary orbital companion. This procedure is similar

to that of Kaplan et al. (2016) and Bassa et al. (2016),

who used comparable fitting methods to discover an or-

biting companion around J1024−0719 based on its pe-

culiar acceleration.
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Figure 4. Posterior distributions for orbital parameters of a possible circumbinary companion around J2043+1711. The orbital
period and companion mass are well constrained by the model, although the configuration of the orbit can only be constrained
to lie within a specific quadrant. The inclination angle of the orbit is not constrained, and is strongly covariant with the orbital
period.
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The likelihood function for this simulation is defined

as

lnL
(
aPeclos,obs, f

(n)|Pc,Mc, i, ω
)
= lnLa + lnLf , (12)

where the log-likelihood for observing a given aPec
los is

lnLa = −

(
aPeclos,obs − aPeclos,model

)2

2σ2
aPec
los

, (13)

and the likelihood for observing the measured spindown

derivatives is

lnLf = −
3∑

n=1

(
f
(n)
obs − f

(n)
model

)2

2σ2
f(n)

, (14)

where f
(n)
model and aPeclos,model are obtained from Equations

10 and 11, respectively.

Note that only the first three spindown derivatives are

used in this setup. This is because higher-order deriva-

tives have progressively larger uncertainties; in order to

constrain the three free orbital parameters (as sin i can-

not be constrained), we require three constraints, which

are provided by the first three spindown derivatives. Us-

ing all nine spindown derivatives does not substantially

change the median values of the posterior distributions,

but it does increase the uncertainties on the reported

values.

The results of the MCMC simulation are shown in Fig-

ure 4. Although the orbital period and companion mass

are well constrained, although ω is only constrained to

lie within a specific quadrant. The best-fit parameters

of the MCMC code produce to an orbit with Pc = 80

kyr and Mc = 0.3 M⊙, corresponding to a semi-major

axis of x ≈ 2000 AU. This mass suggests that the com-
panion would probably be a white dwarf or low-mass

main sequence star, which would be allowed by the con-

straints on absolute magnitude given by Gaia and PS1

(Mg ≳12). It should be noted that white-dwarf masses

below 0.5 M⊙ cannot be reached through isolated stel-

lar evolution (i.e. El-Badry et al. 2018); therefore, if this

object is a white dwarf, it has likely interacted with at

least one other object.

6.3. Comments on the Orbital Configuration of a

Possible Triple System

If J2043+1711 does in fact have a circumbinary com-

panion, this would make it a particularly interesting sys-

tem for additional study. Pulsar triple systems evolve

through complex processes, providing laboratories that

test our physical understanding of supernovae and or-

bital dynamics.

The formation of the inner white dwarf compan-

ion to J2043+1711 can be explained through binary

evolution where the companion transferred mass onto

J2043+1711, recycling the pulsar. The candidate outer

companion is likely a low-mass main sequence star given

its estimated mass of 0.31+0.48
−0.30 M⊙, although we cannot

rule out the candidate companion being a white dwarf.

As such, there are several possibilities for the formation

of an outer companion, including (but not limited to):

1. The outer companion evolved mostly in isolation.

It would be difficult to keep such an object bound

to the system after a supernova, although there is

some evidence for pulsar formation without large

natal kicks (Vigna-Gómez et al. 2018; Willcox

et al. 2021).

2. The outer companion evolved elsewhere and

was then captured by the inner binary, poten-

tially through an interaction between the inner

J2043+1711 system and a second binary system

(Mardling & Aarseth 2001).

3. The current outer companion interacted with the

pulsar, could potentially undergo mass transfer,

and then swapped positions with the current in-

ner white dwarf companion without the triple be-

coming unstable. This scenario is sensitive to the

masses, eccentricity, and inclinations of the orbits

in the system, and often leads to a stable config-

uration where aout/ain ∼ 3 (Mardling & Aarseth

2001), although subsequent supernova kicks could

easily change the semi-major axes of the system.

4. Mass loss in the inner binary increased the semi-

major axis of the orbit of the outer companion.

This could happen either adiabatically or instan-

taneously through a supernova; the first scenario

would imply a low orbital eccentricity for the outer

companion, whereas the second scenario implies a

large eccentricity (although the eccentricity of the

outer system could possibly continue to evolve over

time due to other processes).

Particularly relevant for evolved triple systems is the

Kozai-Lidov Effect (Shappee & Thompson 2013; Naoz

2016), where interactions between the inner binary and

a tertiary companion lead to periodic oscillations in ec-

centricity and inclination of the inner binary. This al-

lows for the inner binary to reach essentially arbitrar-

ily circular eccentricities (e ≲ 10−5) and could cause

tidal interactions or mass transfer in the inner binary,

which would potentially explain the current recycled

state of J2043+1711. The eccentricity of the inner
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binary and estimated semi-major axis of ∼ 2000 AU

(aout/ain ∼ 70, 000) for the outer orbit are realistic for

this scenario.

It is difficult to make any definitive statement at

this point given our relatively weak constraints on the

J2043+1711 system. Further complications such as un-

certainties in the workings of natal kicks and recycled

pulsar formation mechanisms make this a difficult theo-

retical problem that depends on poorly constrained as-

sumptions. It initially seems unlikely that the outer

companion would remain bound to the system, which

leads one towards a scenario where the outer compan-

ion interacted in some way with the inner binary lead-

ing to the present configuration of the system; however,

this is speculative, and a series of simulations would be

required to understand the relative probabilities of the

above scenarios, as well as identifying any other possi-

bilities.

7. DISCUSSION

7.1. Non-trivial Tidal Effects

Since spider pulsars are believed to be a transitional

stage of evolution between a classical and millisecond

pulsars, one supposes that there may be a phase of the

pulsar’s evolution where it is no longer a true redback,

but weak evolutionary effects such as mass loss and tidal

interactions that could affect the orbital period of the bi-

nary system are still present. For example, the compan-

ion of J2043+1711 could be a semi-degenerate extended

main sequence star, or a Helium white dwarf that still

has an extended hydrogen shell.

Classically, tidal effects will cause the orbit to decay,

resulting in an observed negative Ṗb (Chakrabarti et al.

2022). This can be calculated as

ṖTidal
b = −27π

2

∑
i=1,2

1

Q′
i

Mj

Mi

(
Ri

a

)5

, (15)

where j ̸= i, Ri is the radius of each object, Mi is the

mass of each object, a is the semimajor axis of the or-

bit, and Q′
i is the reduced tidal quality factor for an

object, which depends on the internal properties and

distribution of a body. A rough value of Q′
i for an ex-

tended white dwarf is 1011 (Fuller & Lai 2013), and Q′
i

for a low-mass main sequence star is something like 108

(Mathis 2015); a neutron star will be much more rigid

than these examples, so we let 1/Q′
i → 0 for the pulsar.

Additional tidal terms are typically included to account

for Ṗb due to apsidal precession in eccentric orbits; how-

ever, this effect is negligible for J2043+1711 given its

small eccentricity.

Note that this value is always negative, and the ob-

served Ṗb for J2043+1711 is positive; this indicates that

if the observed peculiar acceleration is in-fact due to

tidal interactions, they must be complicated. It is clear

that the known interactions in redbacks is already more

complicated than this simplified picture, as the pulsars

in Table 2 have both positive and negative intrinsic ac-

celerations. Because the actual processes at play are

unknown, we calculate only the rough order of magni-

tude for this type of effect below, as the reader should

note that the physics of such a phenomenon are not well

understood, nor are they handled in a robust way in this

work.

In order to obtain the observed change in the orbital

period for J2043+1711 (Ṗb ∼ 5.7×10−14 s/s), Equation

15 requires that a low-mass main sequence star needs a

radius of 0.2 R⊙, and a white dwarf companion requires

a radius of 0.8 R⊙. This is an unreasonable radius for

a white dwarf, but possible for an extended low-mass

main sequence companion. If the companion had this

radius and an effective temperature of 4000 K (a typi-

cal temperature for a K-M type star, as these extended

main sequence companions have normal spectral types

and therefore normal temperatures), then it would have

an absolute magnitude of Mg ∼ 9. This type of objects

should have been seen in either the Gaia or PS1 cata-

logs, which we have determined above should see objects

as faint as Mg ∼ 11−12 at the distance of J2043+1711.

However, it is difficult to know exactly what Q′
i is for

an exotic object such as an extended low-mass main se-

quence star, which could easily change this final result by

a magnitude or more. So, while it seems unlikely based

on this preliminary analysis that J2043+1711 is expe-

riencing non-trivial tidal interaction effects as it transi-

tions from a bona-fide redback to a non-spider pulsar,

we cannot entirely rule out this possibility.

7.2. Negative Dynamical Friction

Massive objects moving through dense space produce

an overdense wake behind their direction of motion,

which imparts an acceleration antiparallel to the object’s

motion vector (see for example Chandrasekhar 1943).

This process is known as dynamical friction, and in the

presence of a weak outflow from the pulsar, can be cal-

culated as

aDF = 0.275GVp

√
Ė

c

ρ

Vw
, (16)

where Ė is the spindown luminosity of the pulsar, ρ is

the density of the interstellar medium (ISM, roughly 1

atom per cubic centimeter), Vw is the velocity of the

pulsar’s wind emission, and Vp is the velocity of the

pulsar relative to the ISM (Gruzinov et al. 2020). For

a millisecond pulsar traveling at 75 km/s, this effect is

extremely small, roughly 1×10−14 mm/s/yr.
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The jets emitted by a pulsar carve out a cavity in the

ISM, surrounded by an overdense bow shock where the

pressure generated by the pulsar emission is equal to

the ram pressure of the ISM (e.g. Ramirez-Ruiz et al.

2019). This bow shock is asymmetric, being closest to

the pulsar in the direction of the pulsar’s motion. The

resulting overdensity in the direction of motion (and lack

of nearby material antiparallel to the motion vector) can

impart an acceleration onto the pulsar, leading to a neg-

ative dynamical friction of the system (Li et al. 2020;

Gruzinov et al. 2020). The negative dynamical friction

of the system is calculated as

aNDF = 2.31
G

Vp

√
Ė

c
ρ. (17)

For a typical millisecond pulsar, aNDF ∼ 1 × 10−6

mm/s/yr. This effect is far too small to be observed

in current pulsar acceleration studies. As a result, pe-

culiarities in the bow shock or emission of J2043+1711

cannot cause its observed peculiar acceleration.

7.3. Comparing the Strengths of Various Accelerations

There are many different effects that could potentially

cause the acceleration of a given object in the Galaxy.

These accelerations can point in different directions, and

the strength of each effect spans a wide range of orders

of magnitude. In Table 3 we provide a list of possible

sources of accelerations on objects in the MW, and the

approximate magnitude of each effect.

8. CONCLUSIONS

We have shown that the binary millisecond pulsar

J2043+1711 has a substantial peculiar acceleration as

measured from the rate-of-change of its binary orbital

period. The magnitude of the peculiar acceleration is
3.2 ± 0.8 mm/s/yr away from the Sun. The observed

acceleration is the opposite sign than the predicted ac-

celeration due to the Galaxy, and is a 4σ deviation from

the values predicted by equilibrium Milky Way models.

We show that the magnitude of the peculiar accelera-

tion is too large to be explained by disequilibrium effects

of the Milky Way interacting with orbiting dwarf galax-

ies. While it is possible that this acceleration is caused

by (dark matter) substructure in the Galactic density

field, it is unlikely that this is the case because we do

not see similar peculiar accelerations in other millisec-

ond binary pulsars.

Similarly, if J2043+1711 were a redback pulsar, this

could potentially explain an observed peculiar accelera-

tion. However, the magnitude of intrinsic accelerations

generated by redback pulsars are much larger (by sev-

eral orders of magnitude) than the observed signal for

Source Strength

(mm/s/yr)

*Galactic Acceleration 2 – 10

*Galactic Disk Disequilibria 0.5 – 1

1 kpc from the LMC (1.4×1011 M⊙) 9

10 kpc from the LMC 1

*60 kpc from the LMC 0.2

2 kpc from a 109 M⊙ dwarf galaxy 4

1 pc from a 106 M⊙ globular cluster 2000

10 pc from a 106 M⊙ globular cluster 50

1 kpc from a 108 M⊙ cold dark matter subhalo 0.5

200 pc from a 107 M⊙ giant molecular cloud 1

5 pc from a 104 M⊙ giant molecular cloud 2

1 pc from a 1 M⊙ star 0.005

10,000 AU from a 1 M⊙ star 2

*2,000 AU from a 0.3 M⊙ star 14

100 AU from a 1 M⊙ star 20,000

30 AU from a Neptune-mass planet 10

5 AU from a Jupiter-mass planet 7000

1 AU from an Earth-mass planet 600

0.4 AU from a Mercury-mass planet 200

2.5 AU from a 1019 kg asteroid 0.0002

*Negative dynamical friction 0.000 001

Inferred Redback Pulsar Acceleration ≳10,000

Table 3. Potential sources of acceleration on objects in the
MW, and the approximate strength of each effect. Items
with an asterisk are scenarios which potentially affect the
J2043+1711 system.

J2043+1711. For this reason, as well as the fact that no

eclipses are observed for the system, J2043+1711 has

no higher-order orbital period derivatives, and its com-

panion follows the core mass–orbital period relation for

Helium white dwarfs, we conclude that the redback sce-

nario cannot be the cause for the observed peculiar ac-

celeration. While J2043+1711 is clearly not a bona-fide

redback, it is possible that the system is in some interme-

diate stage of evolution between a redback and a typical

millisecond pulsar. In this scenario, weak tidal effects

from an extended low-mass main sequence star compan-

ion could potentially contribute the observed peculiar

acceleration; however, this would require that the com-

panion have an absolute magnitude of Mg ∼ 9, which

should have been observed in the Gaia and PS1 surveys.

We note that the uncertainty on this magnitude could

potentially be a magnitude or more, as the tidal quality

factor of this type of exotic object is not well known,

making it difficult to positively rule out this possibility.

We examine two potential local causes for the anoma-

lous acceleration; a stellar flyby, and a long-period or-
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Observe an atypical
acceleration

Can it be explained by
miscalibrated red noise,

glitches, etc.?

Yes

No

Is the acceleration correlated with
other pulsar accelerations?

No

Yes
Does the acceleration visibly

change over time?

Short-period orbital
companion

Large-scale Galactic
Effects

No

Yes

Do the spin derivatives follow the
sin/cos derivative sign pattern?

Long-period orbital
companion

Nearby compact
object

Incorrect astrometric
model

Can it be visually
observed?

Are there eclipses and/or the
acceleration is very large?

No

Redback or Black
WidowYes

Figure 5. A guide for identifying the cause of anomalous
accelerations in pulsars.

bital companion. A general outline for identifying the

source of an anomalous acceleration is provided in Fig-

ure 5, which is followed by this work. Identifying anoma-

lous accelerations will soon become possible with other

techniques to measure Galactic accelerations, including

in the near future eclipse timing (Chakrabarti et al.

2022), and farther down the road, extreme-precision

radial velocity observations (Chakrabarti et al. 2020),

where one can expect to follow a similar procedure as

outlined in Figure 5 (albeit with different observational

schemes).

The star Gaia DR3 1811439569904158208 is located

close to J2043+1711 both in distance and on-sky posi-

tion. This main-sequence star has a mass of roughly 0.8

M⊙, and could explain the observed peculiar accelera-

tion due to its proximity to J2043+171. Assuming that

this star is the sole cause of the peculiar acceleration, we

constrain its line-of-sight distance from J2043+1711 to

be 6500 ± 700 AU, and a total distance from the pulsar

of 7700 ± 700 AU. However, because the star has a sub-

stantially different proper motion than the pulsar, this

star cannot be gravitationally bound to J2043+1711;

rather, the pulsar would be experiencing a stellar flyby.

We obtained spectra for this star and measure the mag-

nitude of its line-of-sight velocity to be ≲ 50 km/s, indi-

cating that it cannot be a runaway (hypervelocity) star.

We fit higher-order spindown derivatives of

J2043+1711’s pulse TOAs in order to constrain the

properties of a possible circumbinary orbital system.

We identify plausible parameters for such a system;

the observed properties of J2043+1711 are consistent

with the existence of a circumbinary companion that

has an orbital period of 60+80
−40 kyr, a semi-major axis

of 1900+1100
−1000 AU, and a mass of 0.31+0.08

−0.06 M⊙. Any

companion would likely be a white dwarf or low-mass

main sequence star due to its mass and the requirement

that it be faint enough to not be identified in Gaia DR3

or Pan-STARRS DR1.

It is possible that the observed peculiar acceleration is

really a combination of multiple effects, i.e., the nearby

star plus a circumbinary orbital companion contribute

accelerations that when summed together equal the ob-

served peculiar acceleration. It is possible that with

future observations of J2043+1711 (which are ongoing

with NANOGrav), we might be able to rule out one

of these possibilities for the source of the peculiar ac-

celeration. In particular, a longer timing baseline for

J2043+1711 will improve uncertainties on higher-order

spindown derivatives, which will allow for a higher de-

gree of accuracy when estimating orbital parameters

for a candidate circumbinary companion. Alternatively,

optical observations down to ∼26th magnitude would

be able to prove or rule out the existence of a ter-

tiary low-mass stellar or white dwarf companion to the

J2043+1711 system.
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APPENDIX
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Figure 6. Line-of-sight acceleration bias in pulsars from
Donlon et al. (2024), as a function of distance from the center
of the Galaxy. J2043+1711 is highlighted as a red triangle. A
linear fit constrained so that it is equal to zero at the Solar
location is provided as a dashed line, and the grey region
indicates the 1σ error-bars of that value.

A. CALCULATION OF RADIAL ACCELERATION

BIAS FOR A GIVEN PULSAR

In Section III of Donlon et al. (2024), it is argued that

pulsars near the Sun have biased accelerations. This

is shown in their Figure 3, in which they plot a lin-

ear fit to the residuals of the line-of-sight accelerations

for each pulsar, minus the expected Galactic accelera-

tion for those pulsars, as a function of their distance

from the Galactic center (R). These residuals should be

distributed evenly about zero; instead, there is a clear

linear trend as a function of their distance from the cen-

ter of the Galaxy. It is interesting to note that Donlon

et al. (2024) did not include J2043+1711 in this fit, stat-

ing that it was an outlier that substantially affected the

quality of the fit.

A reproduction of this fit is provided in Figure 6,

which was calculated using the curve fit function from

the SciPy Python package. We show the acceleration

residuals of the D24 pulsars, along with a linear fit to

this data. Note that here, we have constrained the linear

fit so that it must be equal to zero at the position of the

Sun (R = 8 kpc). This was overlooked by Donlon et al.

(2024) – by definition, the Sun must have zero line-of-

sight acceleration. This adjustment greatly reduces the

uncertainty in the fit slope compared to a fit where the

intercept is also allowed to vary.

The bias alos,B in the line-of-sight acceleration of any

given pulsar can be calculated based on its Galacticen-

tric radius,

alos,B = m(R− 8 kpc), (A1)

where our optimized value for m is -0.77 ± 0.19

mm/s/yr/kpc. At the location of J2043+1711, R =

7.4 kpc, leading to an acceleration bias of 0.46 ± 0.11

mm/s/yr.

Note that including this effect decreases the signifi-

cance of the J2043+1711 peculiar acceleration. This is

to say that the observed peculiar acceleration is not cre-

ated by our treatment of the radial acceleration bias,

and that the uncertainty associated with this bias is not

large enough to significantly impact the validity of our

claims.
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