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Abstract
We consider the effects of an attractive, long-range Yukawa interaction between baryons and dark
matter (DM), focusing in particular on temperature and pulsar timing observations of neutron
stars (NSs). We show that such a fifth force, with strength modestly stronger than gravity at
ranges greater than tens of kilometers (corresponding to mediator masses less than 10~!eV),
can dramatically enhance dark matter kinetic heating, capture, and pulsar timing Doppler shifts
relative to gravity plus short range interactions alone. Using the coldest observed NS and pulsar
timing array (PTA) data, we derive limits on fifth force strength over a DM mass range spanning
light dark matter up to order solar mass composite DM objects. We also consider an indirect limit
by combining bullet cluster limits on the DM self-interaction with weak equivalence principle test
limits on baryonic self-interactions. We find the combined indirect limits are moderately stronger

than kinetic heating and PTA limits, except when considering a DM subcomponent.
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I. INTRODUCTION

A long-range fifth force between baryonic matter has long been the focus of both theo-
retical and experimental inquiry, as reviewed in Ref. [1]. If DM also interacts with baryons
via an attractive fifth force, it induces a potential,

GM
d—mX e/

Vyu(r) = — : (1)

where my and M are the masses of the DM and a macroscopic baryonic object, respectively,

r

when the sizes of both objects are much smaller than the force range, A\, and separation, r.
This potential can arise from an effective interaction £ O gx¢ XX + g,¢nn where X and n
are the effective DM and nucleon fields, and ¢ can be either a massive but very light scalar
or vector field. The effective coupling in this simplified model is

gndx
_ IngX 9
ArGmymx’ (2)

a =~
where the approximation holds well when the fifth force and gravitational binding energies
are subdominant contributors to the mass, M. Here we have in mind that mx could be the
mass of a macroscopic DM object such as a nugget of asymmetric DM [2-9].

The goal of this paper is to consider the astrophysical observables of such a DM-baryon
fifth force !, focusing on a few simple tests that constrain such an interaction. Focusing on
astrophysical tests implies that we are interested in force ranges 20km < A\ < kpc, cor-
responding to (ultralight) mediator masses 107! eV > my, > 10726 eV.? Firstly, one must
consider the constraints separately on g, and gy, which are dominated by the MICROSOPE
mission’s weak equivalence principle (WEP) test [11, 12] and DM self-interactions [13-15],
respectively. Combining these constraints allows one to derive a bound on &, shown in Fig. 1
as “bullet cluster + WEP” for two different astrophysical force ranges. Note, importantly,
that this combination of bounds will lift quickly for a DM sub-component, only weakly
constrained by observations of DM halos.

The majority of this paper will focus on a pair of constraints that weaken only linearly

with the DM density for a DM sub-component. These come from heating of neutron stars

(NSs) from DM capture, and pulsar timing measurements of transiting DM clumps, where

LA recent work on long-range DM-baryon fifth force with a different set-up can be found in [10].

2 Above the kpc scale, torsion balance tests of differential accelerations toward the galactic center limit the

baryon-DM force to be weaker than gravity. The lower limit is set by neutron star diameters.



DM passing near pulsars enhance the Doppler effect on the pulsar frequencies [16-27]. These
two constraints on the DM-baryon fifth force, which we derive in detail below, are summa-
rized in Fig. 1, labeled as “heating” and “PTA.” The heating constraints are further shown
for two different limits: first, where the DM interactions beyond gravity are only via the
fifth force (labeled as “tidal”), and, second, where the DM has not only the fifth force to
focus it onto the NS but also a short range interaction to capture it with high efficiency
(labeled as “maximal”).

Heating of NSs via DM capture has been considered previously for the case of a short-
range interaction, such as for WIMPs and hidden sector DM [28—17]. However, when the
force range is longer than a typical NS diameter, A > 20km (m4 < 10~'*eV), a DM-baryon
force accelerates and focusses DM more than through gravity alone, leading to observable
effects via two different mechanisms which we compute in detail. First, more DM is focussed
on the NS due to the fifth force. Second, the DM is more energetic when it arrives at the
NS surface, which we show then dominantly heats the NS via seismic oscillations. We then
extract the heating constraints utilizing the coldest observed NS (PSR J2144-3933, from
Hubble Space Telescope) by requiring that the kinetic energy of all the captured DM raise
the temperature by an amount less than the observed (unredshifted surface) temperature,
T, < 42,000 K [15].

The rest of the paper is devoted to deriving in detail the constraints on the DM-baryon
fifth force coupling & outlined in Fig. 1. In Sec. I, we derive the kinetic heating rate and
resulting NS luminosity in the presence of a fifth force interaction. Some of the details
are relegated to Appendices. In Sec. III, we outline the procedure for deriving fifth force
constraints with PTA observations, and show the results using the 11-year dataset [19, 50]
by NANOGrav [51]. In Sec. IV, we consider observations from WEP tests and the bullet
cluster, and derive indirect upper limits on the DM-baryon interaction. Finally, in Sec. V,

we conclude.

II. LIMITS FROM NS TEMPERATURE OBSERVATIONS

Transiting DM can heat NSs to higher-than-expected temperatures observable by the next
generation of infrared telescopes, including the James Webb Space Telescope (JWST) [25].
As discussed in [28], if the energy deposited by DM passing near a NS is dissipated through
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FIG. 1. Summary of the bounds derived in this paper on the DM-baryon fifth force to gravitational
force strength ratio, &, as defined in Eq. 1, for force ranges, A, at the two extremes of the range
we consider. The relevant equations for tidal heating, maximal heating, PTA, and bullet cluster +

WEP are derived in Sec. [T A-II B, Sec. 11 C, Sec. 111, and Sec. IV B respectively.

black-body radiation, then in the local rest frame of the NS, the thermal photon luminosity

due to dark kinetic heating is LBM = E’kin. Given an unredshifted surface temperature

‘meas
»!max

measurement Tg; < T} for a particular NS, 4, with radius, R, we can infer a limit on

the factors contributing to E’kin through?

—~
w
~—~

Blan < opdnR? (T.;)",

S;Ymax

3 Redshifted surface temperature, 7°°, is related to unredshifted temperature, T, through T = \/%
e




where the heating rate is schematically given by
Ekin ~ NAE? (4)

with N and AE being the relevant DM flux and single-DM energy transfer, respectively.
All previous analyses of DM kinetic heating of NSs have focused on short-range DM
interactions. As explained in [28], in this case, DM can deposit energy on a NS only if it

intersects the NS, requiring impact parameters less than b&Y = v=1\/2GMR/(1 — 2GM/R).

max

At a maximum, an order one fraction of DM that intersects the NS is captured and deposits
all of its kinetic energy at the NS surface, also known as the gravitational binding energy
released in the capture process. Hence AE#® ~ GMmy /R and N8 ~ (px /mx )7 (b2, v),

max max

leading to a maximum heating rate from DM focused by gravity onto typical NSs near our

galactic radius (GM/R ~ 0.2, (v) ~ 1073, px ~ 0.4GeV/cm?),

: GM
B~ m (00 0) A 4 R205(2000K) . (5)
mx

Therefore measured (unredshifted) surface temperatures of nearby NSs below about 2000K
can start to constrain short-range interactions of DM with NS matter. Conversely, finding
several old isolated neutron stars with temperatures of order 2000K and greater near our
Galactic radius—with higher temperatures in DM-rich regions—could be a sign of DM
kinetic heating.

We now consider a long-range (> 20km) fifth force, which changes the heating rate
calculation, Eq. (4), in three ways. First, more DM is focussed and potentially captured
by the NS (larger byay)." Second, the DM’s kinetic energy near the NS surface—roughly
equivalent to the DM-NS binding energy—is larger, meaning more energy is dissipated in a
DM capture process (larger AFE).° Third, the energy deposition mechanism is qualitatively
different due both to the long-range force and ultrarelativistic DM speeds at the NS surface;
collective excitations of NS matter are particularly important.

We divide DM contributing to heating into two groups:

A. Grazing DM, including NS-transiting DM that is not gravitationally captured, as well
as gravitationally bound DM whose first orbital period after capture is greater than

the NS lifetime, implying no subsequent energy deposits within the NS’s lifetime.

4 A repulsive interaction would defocus DM and reduce the maximum possible kinetic heating rate. Here

we focus on the attractive case.

® Similar effects on Earth could be relevant for direct detection, and were discussed in [52, 53].



B. Captured DM, which deposits sufficient energy to become gravitationally bound on its

first transit and deposits further energy on subsequent transits within the NS lifespan.

The total heating rate for a long-range interaction is thus
Ekin ~ 'graze + Ecap (6)

with Egraze ~ NgraZeAEgraze and Ecap R NcapAEcap. Below in Secs. [T A-II B, we derive ex-
plicit estimates of AEgaze, Ngraze, AFE¢,p, and Ncap in Egs. 7, 12, 16, and 19, respectively.
Then in Sec. I1 C we discuss the maximal heating rate, analogous to Eq. 5, requiring assis-
tance by additional short-range forces. In Sec. [I D we estimate when heating is effectively
continuous and possibly destructive to the NS, which is relevant at the higher mass scales

we consider. Finally, in Sec. II E, we present limits based on our estimates and Eq. 3.

A. Grazing heating rate
1. AFEgaze

Two stars in a close encounter can become bound by sinking energy and angular momen-
tum into seismic oscillations of the stars through gravitational tidal forces [51, 55]. Pani and
Loeb [56] considered a similar capture mechanism for primordial black holes (PBHs) by NSs.
They modeled PBHs as point-like objects that remain intact as they transit the NS, and
found that tidally deposited energy exceeds energy deposit through dynamical friction by
several orders of magnitude. A small, compact DM object should behave similarly, and an
additional Yukawa force with range much larger than the NS radius will simply effectively
increase the strength of the gravitational tidal forces by a factor 1 + a.

Based on [50], we estimate the energy deposited through tidal excitation of NS seismic

oscillations by DM that transits an NS as

2 ~\2
AEBgaze ~ ng /1o (7)

where [, corresponds to the largest spherical seismic mode excited in the NS. Qualitatively,
thinking of the NS like a spring, the energy goes as the square of the amplitude of the
oscillation, which is set by the maximum tidal force at close approach—proportional to
(14 &)mx. The stiffness of the NS equation of state determines the nontrivial dependence

on mode number. We refer the reader to [50] for details.
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Ref. [56] considers many possible cutoffs for .. The limiting cutoffs come from demand-
ing the particle size, Ry, is smaller than the mode’s wavelength, leading to l,.x < R/Rx,
and that the DM crossing time, Teross ~ R/Pr ~ R, is short compared to the shear viscosity

oscillation damping timescale [57],

. pR*n
U+ 1) ®)

where 7 is the shear viscosity, and p is the mass density of the NS. For cold NSs with

T < 10°K, in which neutrons and protons are expected to be superfluid (at least outside
the inner core of the NS, where the tidally-induced oscillations are supported) the dominant
source of viscosity is from electron scattering, 7. [58]. To within an order of magnitude, for

a given temperature, the maximal value of 7./p occurs around p ~ 10'°-4 x 1025 and is

[59, 60]
(%) = (1£K) B 10%em? /sec, (9)

T R
. 2
lmax ~ min (10 <104K> 3 R_X) (10)

for DM that is relativistic (and ultrarelativistic) at the NS surface, with the consistency

leading to an estimate

requirement, [, > 1. For simplicity and consistency, we consider only DM and NSs with
Rx 10°K

= <1072
R = T

such that the shear viscosity timescale determines the highest excited mode number. For

<1 and T <10°K (11)

maximally compact DM objects, this requires myx < 10_2%M@ < M. The cutoff occurs
at lower mass for less compact DM.

A few other factors deserve mention. First, our estimate based on [50] is consistent only
if both the DM and NS survive the DM’s transit. For DM to survive, the Roche distance—
where the tidal forces on the DM from the NS start to exceed the binding forces—must
be smaller than the NS radius. Depending on the forces binding the DM, the DM must be
sufficiently compact.® Energy deposits comparable to a few percent of the NS’s gravitational
binding energy could also destroy the NS. We discuss this case further in Secs. I[IB1 and
IID.

(Gy,ett+1)Gmx
R%

: 1/3
Rx < R, the Roche distance is approximately rroche ~ (4((1%) Ry, and in terms of the DM

148y off) M x

6 Modeling the DM binding force per mass as proportional to on the DM surface, given

(1+&) GM (R7X)2.

and NS compactnesses, the DM can survive only if GIZ{';X > 4(1+dx,eff) =~ (¢



Second, the estimate Eq. 7 is based on analyzing a particle’s infall from rest. But as
discussed in [50], it should be a decent estimate for particles with other trajectories as long
as they breach or come close to breaching the NS surface. On the other hand, at distances,
r, large compared to R, the tidal force falls off as =2 and effective crossing times lengthen
when 7,;, > R. Indeed estimates of gravitational tidal capture for close star encounters
as in [51] apply in this case, and the moral is that a good estimate of heating and capture
comes from counting only DM that intersects the NS, with AFg,,e as in Eqgs. 7 and 10 for
all such DM.

2. N graze

The number of DM particles of mass mx and asymptotic mass density px passing through

a given NS per time—the flux—is

: PX 2
Ngraze = _7T<bmaxv>' (12)
mx
: : : \ ., lo—* X 1003\ Mo R GM
Given focusing through gravity alone, Ngaye T 0AGTam® \ v ) ma 10km Tk An at-

tractive DM-NS fifth force focuses more DM onto a NS, leading to a significantly larger flux
via larger by.x. For moderate & and A > R, compared to focusing through gravity alone,
bmax 1 larger by a factor v/1 + & When & > 1, by, grows linearly with & until a cutoff
where an outer centrifugal barrier at » > A from the exponential turn-on of the fifth force

becomes stronger than the always-present inner centrifugal barrier. More specifically, when

a > 1,
GMa inner barrier
bmax? ~ 4 /2G M\ log (alog &) outer barrier when ae~ M/ < 1 (13)
v log (d/\ci M ) outer barrier otherwise,

with bpax = Min(bmax. inners Dmax, outer) I AGM/A? 2 € and byax = bmax, imner Otherwise. In
Appendix A, we derive the general relativistic equation of motion that determines b, in
Eqgs. A2-A5 along with analytic approximations in Eqs. A6-AS8; Fig. 6 shows our analytic

approximations alongside numerical solutions to the exact barrier-determining expressions.



B. Captured heating rate

1. AEe

The energy deposited per DM particle captured is approximately the DM kinetic energy
at the NS surface,

Epwm, win(R) = mx(yr — 1). (14)
with R
+a“ge” 1+ EMze—R/A GM
i e ~ I ~ 1+ — (1+ae ) (15)
1— 2GM 1— 2GM R
R R

as measured in a locally flat frame at the NS surface. Since DM asymptotic speeds, v, are
generally much less than the escape speed at the NS surface, the energy deposit is essentially
independent of v. Without a fifth force, for typical neutron stars, vg ~ \/5/_3 With a fifth
force, vz — 1 is larger by about a factor of 1 4+ e /.

If the period of the first orbit after capture, At;, is greater than NS lifetime, then the

DM deposits only energy AFEgy ., within the NS lifetime. Hence we estimate

AE At1/tns
graze )) EDM, kin(R> (when AEgraze < EDM, kin(R)> (16)

AFE. ., ~ | —"—"—
P (EDM, kin (R

to account for the timescale for captured DM to deposit further energy; specifically, Eq. 16
counts the entire available energy of captured DM in the heating rate only when At; < tys,
and the heating rate cuts off when At; > tns. In this latter case, the DM is counted as
“grazing” DM.” We estimate the orbital period in Appendix B; see At; in Egs. (B4)-(B5).

Using Eqs. 7, 10, 14, and 15, we see AEgraze < Epu, kin(R) as long as % (1+a)40 104K <
1. The condition saturates when AFEqy .6 = Epu, kin(R) = 4/ 04K 1 GM , or when the energy

deposit is about 10% of the NS binding energy (~ §Gi) given T' ~ 42, 000K. We expect
such an energy deposit to destroy the NS rather than “heat” it, as we will discuss further
in Sec. IID. Therefore AFEgrae < Epwm, kin(R) holds as long as the kinetic heating limit is

relevant.

7 Note the first energy deposit of captured DM is double counted in E’graze and Ecap, which is acceptable
for an order-of-magnitude estimate since it will at most overestimate the heating effect by a factor of two,

and in most cases by a only a tiny fraction over one.
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2. Neap

To become gravitationally bound to the NS, DM must lose sufficient energy when it first

grazes the NS surface. Thus the capture rate is approximately

\ PX
Ncap ~ 7r<b$naX,U>'U<Ucap7 (17)
mx

where the average is over asymptotic DM speeds up to a the maximum speed of DM that is

Ucap = 1/ 2AEwgraze/TnX- (18)

Given a Maxwellian velocity distribution with peak speed v, since (byaxv) is nearly constant

captured:

as function of v—increasing negligibly for most or our parameter range of interest and less

than linearly in the entire range—to reasonable approximation,

\ ~ PXx 2 2
Ncap ~ m_Xﬂ-(bmaxv) ‘v%min(vp,vcap) ﬁvpf (19)

where
£ (1— et (20)
roughly represents the fraction of surface-breaching DM that is captured. We can also use

Eq. (19) to estimate Ngraze by taking ve., — 1.

C. Capture assisted by short-range interactions

We have just described a capture mechanism through DM’s tidal force excitation of
seismic oscillations in an NS—classical collective modes stretching over the entire NS. In
contrast, most previous treatments of kinetic heating have focussed on effectively local in-
teractions of DM with one or more individual nucleons or leptons within the NS during a
transit [28—17]. A notable exception is [61], which focuses specifically on collective effects
within dense stellar media in DM scattering.

Relative to the case without a fifth force, when the fifth force increases DM’s speeds in the
NS rest frame (c.f. Eq. 15), the kinematic upper limit on energy transfer to nucleons in elastic
DM-nucleon interactions also increases. At the same time, length contraction of the NS in
the DM-nucleon CM frame can be significant, so it is easier for the de Broglie wavelength of

the CM motion (¢7* ~ 1/4/2m, A Egaze) to be larger than the inter-nucleon distance along

11



the direction of motion in the CM frame. Thus while the increased CM energy might naively
increase nucleon-DM elastic cross sections, the range of kinematically allowed energies where
nucleons are effectively free is also narrower. When the DM is ultrarelativistic at the NS
surface, we expect proper treatment of collective effects in NS matter to be particularly
important in a treatment of DM scattering via short-range forces.

Rather than trying to model specific short-range interactions and account for the relevant
microscopic NS physics that determines the probability of capture, we consider maximal

heating, where an order one fraction of transiting DM is captured. In this case,
Ekin, max ~> EDM, kin(R)Ngraze (21)

with Epu kin(R) given by Eq. 14 and Ngraze by Eq. 12.

D. Cooling timescale and continuous heating approximation

NSs are born with internal temperatures of order 10! K and rapidly cool through neutrino
and photon emission to under 107 K within about 1000 years. Without additional sources
of heating, NSs are expected to cool to under 1000 K within about 20 Myr (see e.g. [62,

]). Under temperatures of order 10° K, photon emission dominates, and nucleons in at
least the inner crust and outer core of such cold stars are thought to be superfluid. The
heat capacity (per unit volume) of such very cold NS’s is dominated by ultrarelativistic,
degenerate electrons, and is given by [(4]

_PRHKET  (BmPne)PRET
~ 3 _ .

Ve (22)

Given heating only through DM kinetic heating, and black-body-radiation-dominated

cooling, the NS temperature evolves in time according to

T .
Ové—t = By — 47 R*0pT*. (23)

Without a heat source, using the relations above and approximating the NS as roughly
uniform temperature throughout, we approximate the timescale to cool from a higher tem-

perature T}, to a lower temperature of order T; below 10°K as

R(37%n,)*3k2, T\’ L (10K T \>
(T) 180517 T, Oy T, (24)
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where we set the electron density to a typical value in the NS outer core, n, ~ 0.01fm™%. To
set a kinetic heating limit based on a maximum temperature, T, we require a deposit rate
(flux) comparable to or greater than one per cooling time, N > 1/t(T).

Going the other way, the temperature, Ty, to which a NS is heated from temperature 7;
through an energy deposit AFE is given by

4 R? (3m%n,)?/Pk3
3 6

14 GM2 Tf? B 7}2 (25)

TP —TP) ~5x 107
e N (TIE

AE:/CVdTN

where the last expressions apply when both temperatures are below 10° K. The heat capacity

rises by a factor of 20 or so at higher temperatures, and we can see that AE 2> 10_2GT1‘42,
approaching the gravitational binding energy of a NS, roughly heats a NS back above its

GM?

R or

temperature at birth (~ 10! K). We expect a single energy deposit of order 1072

greater to destroy a NS. So the mere existence of a cold NS of age tns > Ngallj limits

AEjglr.“gmze 4 (MXx 2 ~\2 T Epnm kin(R) 2MXx ~
e g <—> 1+a)2y/ ’ ~ 102221 1. (26
102G M2/ R i) U YNVIER < 0e )R ap e <1 (26)

E. Limits

Here we present limits based on Eq. 3 for the coldest presently known NS [18], a slow,
isolated pulsar located about 170 pc from Earth, with temperature 75 ;> = 42,000 K and
age tns = 0.3 Gyr. Without additional sources of heating, this NS should have cooled to
temperatures below 1000 K within the first 10% of its life. The four panels in Fig. 2 show
limits for four different force ranges, A\, spanning our range of interest. The thick black tidal
heating limit lines result from our estimate of Ekin in Eq. 6, as described in Secs. [T A-11 B.
The thick red maximal kinetic heating line results when an order one fraction of NS-transiting
DM deposit their entire available energy over a NS lifetime, with a heating rate as in Eq. 21,
requiring assistance from short-range forces as described in Sec. I C. We employed our
analytic estimate of the impact parameter in Eqs. A6-A8 to calculate the relevant fluxes
(Egs. 12 and 19), and the limits assume asymptotic DM density px = 0.4GeV/cm3, a
Maxwellian speed distribution peaked at v, ~ 1072, and typical NS parameters GTM ~ 0.2,
R ~ 10km. Below we explain the scaling of the limits, starting with the high-mass behavior
and working to lower masses.

To set a limit based on Eq. 3 for a given maximum NS temperature 7', we require the

frequency of energy deposit events, N, to be comparable to or greater than the inverse

13



cooling timescale, 1/t.(T), in Eq. 24. This requirement determines the high-mass cut-off for
the limit, shown by the thin purple “flux <1/(cooling time)” lines in Fig. 2. Using Eq. 12,

and assuming a Maxwellian speed distribution with peak speed v,, the high-mass limit reads,

: t R \*/1073\ [ M. (brmax?) o, \ >
N, razetc ~ 6 10722 - © e e 1. 27
: X (500yr) (10km) ( o )(mx>< R ) < (27)

where fiducial quantities in the parentheses are used to obtain our Fig. 2 and we have taken

here (and throughout) px = 0.4 GeV/cm®. Note that t.(T; = 42kK) ~ 500 years according

to Eq. 24. Here, by is given in Eqs. A6-A8 and Fig. 6, and its scaling with & depends on
whether it is determined by the inner or outer barrier, as indicated by the brown horizontal
dashed lines in the figure.® Eq. 13 gives the scaling of by, in various regimes.

The grazing and capture fluxes are approximately equal at the highest constrained masses,
where veap ~ 5(1 + @) (7]‘%)1/2 (ﬁ)l/4 (%)1/2 2 v, (see Egs. 7, 10, and 18). The tidal

heating limit curves break away from the Ngraze = 1/t. curves where ve,p, < v, below the

dashed blue lines in Fig. 2. When ve,, < vp, the flux-limited limit follows

: t R T N2 71073\ / (bt o \ 2
Neapte ~ 107H(1 + @)? = AL 1.
ple ~ 1075(1 + ) <500yr) (10km) (42kK> ( v ) ( R ) =

(28)

For lower masses, the limit applies in parameter regions with continuous heating, and when

Ecap > Egraze (see Egs. 6, 7, 12, 16, and 19), the limit reads

E.. M T \"? /10km\? /1073 ? binax®) loens \
L2 x 1021 + @)° m mx ) ( Bmax) lvcap
L. 14 M, ) \42kK R vy M, R
T meas 4
= < 12KK ) ! (29)

where L, = 4 R?05(42kK)*, and the scaling of (bpaxv)

with & again depends on whether

Vcap

the outer or inner barrier determines by,,.. For Fig. 2, the relevant relationships are by .cv ~

GMa for the inner barrier and byav ~ 1/2GM X log(alog @) for the outer.

The thin green “period > NS age” lines in Fig. 2 are the contours At; = txg with Aty as
in Eq. B6. Heating from captured DM goes to zero when Aty > txg (c.f. Eq. 16), explaining

why the limit asymptotes to this contour in the first three panels of Fig. 2 at low DM masses.

8 In the first three panels, we show the transition for bmax|vcap and in the last the dashed line corresponds

to the transition for bmax|ov, -

14
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FIG. 2. Limit on an attractive NS-DM fifth force (Eq. 1) for four representative force ranges, A,
from tidal kinetic heating of the coldest known NS with temperature T' < 4.2kK and age 0.3 Gyr
(black). In Sec. IIE we explicitly explain how limits were derived in several regimes, beginning
at high mass. Eqgs. 27, 28, 29, and 30 determine the limits in the first three panels from high to
low mass, respectively, and Eq. 31 applies at the lowest masses in the last panel. The thick red
mazimal kinetic heating curve assumes 100% of transiting DM is captured and deposits energy
quickly through additional short-range forces, leading to Eq. 32 at low masses. In the gray regions,

the old NS would have been destroyed by a single DM encounter (see Eq. 26).
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e\ 2/3
Using the results in Appendix B, for A < (vGMtyg)*? ~ 10pc <Glysr) , the At; > tng
asymptote corresponds to

tNS tNS \/§ (AEgraze ) 3/2

mx

At,  GM 7

~ 3 x 102(1 + a)° T 34 114 Mg 10%m \ */? fxs M 3/2 L
42kK M R 0.3 Gyr M, ‘

(30)

In the last panel, at low masses the contour is instead controlled by heating from grazing

encounters. When Egraze > Ecap, the limit is,
Egraze 4 9 T 1/2 10 km 10—3 mx (bmaxv)lv 2 Ts imeas 4
- 4 10 1 s P < stmax

L. 10701 +6) (42 kK) R o ) \ar, I T

(31)

with (bmaxv)]y, as in Eq. 13 for large &. The thin gray “Egraze < L, contour in the last
panel corresponds to saturation of Eq. 31 evaluated at the fiducial parameters.
When an order one fraction of transiting DM is captured and deposits its available energy

quickly, kinetic heating is “maximal.” When A > R and Ngrazetc > 1, the limit reads

Ekin max 6 - M 10 km 1073 (bmaxv)‘v 2 jﬂsimeas 4
—_— ~ 6 10 1 P < sYmax ]
Lo e <1-4M@) ( R ) ( Up ) ( R 42kK

(32)

To one significant figure the maximal kinetic heating limit shown in red in Fig. 2 corresponds

to

& <150  when A > 10"'%pc, (33)

A
Edlog (@log(a)) <4 x10°  when R < X <10 Ppc. (34)

In Appendix C, we show that the kinetic heating limit above also rules out the possibility
of observable pulsar glitches caused by angular momentum deposits of transiting DM.
Near-future measurements with infrared telescopes such as JWST should be able to
improve NS surface temperature measurements by a factor of ten or better (see [28]). For
smaller force ranges, tidal heating limits will not change much because they are bounded
by the flux and energy deposit timescales (see Egs. 27, 28 and 30) except in a narrow mass

range, where Eq. 29 applies. The bound for larger A will tighten at lower masses, according
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to Eq. 31. If the temperature of a cold NS were an order of magnitude lower, so Ty ~ 4, 200K,
the maximal kinetic heating limit (Eq. 32) becomes & < 2 for all A 2 R. Recalling that
the maximum heating rate of a typical local NS by DM focussed through gravity alone
corresponds to Ty ~ 2,000K (see Eq. 5), we expected maximal kinetic heating to constrain
a fifth force to gravitational strength or weaker for temperatures approaching this infrared
range.

We now highlight some important caveats. First, DM-DM interactions become important
to NS capture and heating at time ¢, when the effective charge of captured DM is comparable
to the effective charge of baryons in the NS:? Ncaptqux = mﬁngn. Accelerated (decelerated)
capture and heating start just before t., given scalar (vector) mediation. Therefore scalar-

mediated constraints should tighten and vector mediated constraints should loosen when

tNS mx a -
= — — Neping > 1. 35
teq M dn caplNS ( )

When this inequality is satisfied, time dependence of capture and heating rates should be

taken into account. More specifically, the capture luminosity constraint, Epy, kin(R)Ncap ~

mx%(l + d)Ncap < L, (L“g;)zl, is saturated in a region of parameter space with t.q < tng

1 + &} ~ LotNS Tmax ! —~11 tNS Tmax !
—a, ~ 4 x 10 . 36
& " GMER (42kK) x 0.3Gyr ) \42kK (36)

107 when A 2 2Rpaun [11, 12, 65], DM-DM interactions may

when

Since WEP tests suggest &,, <
thus be relevant when @, is significantly below this bound. Our kinetic heating limits which
neglect DM-DM interactions are thus conservative in the scalar-mediated case since captured
DM could further accelerate capturing more DM. On the other hand our bounds could
lift in the vector-mediated case if the DM-DM repulsive interaction was sufficiently strong
compared to the attractive DM-baryon interaction. Furthermore, heating that appears to
accelerate (decelerate) at a characteristic timescale depending on local DM density and NS
age could be a smoking gun signal of a scalar (vector) mediated long-range force.

We also remind the reader of restrictions necessary for consistency of our tidal heating

estimate discussed in Secs. [T A-1I B. First, the DM must be sufficiently compact to survive an

NS transit and to tidally excite modes up to the cutoff determined by shear viscous damping

9 This expression assumes the charge-to-mass ratio of captured DM is similar to that of halo DM. If this were
untrue, additional heat would be released (absorbed) in the capture process, leading to larger (smaller)

DM charge-to-mass ratios.
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(see Sec. ITA 1). Second, tidal energy deposits approach the expected maximum FEpy, kin(R)
at approximately the same &, my parameter range as they approach a few percent of the
NS gravitational binding energy, where we expect transiting DM to destroy rather than heat
the NS (see Eq. 26). Fig. 2 shows this region in gray.

III. LIMITS FROM PULSAR TIMING ARRAYS

The use of PTAs to probe DM substructure has been extensively studied [18, 23-25,

—70].  To set upper limits on the fifth force strength, we analyse the data collected
by NANOGrav [51] in their 11-year dataset [19, 50]. This analysis utilizes the software
enterprise [71] developed by NANOGrav and closely follows the Bayesian inference frame-
work developed in our previous work [27].

We commence with deriving the phase shift signals measured by an observer on Earth
due to a transiting DM. The intrinsic pulsar phase, ¢(t), is often modelled as a truncated
power series in t

P(t) = ¢o + vt + %ms? , (37)

where ¢ is the phase offset, v is the pulsar frequency and v is its first derivative. Astro-
physical signals such as Doppler shifts due to transiting DM manifest as deviations from the
above timing model.

The phase shift d¢(t) is related to the frequency shift dv(t) by dp(t) = fot v(t)dt'. In
the presence of an external potential ®, the acceleration of the pulsar induces an observed

frequency shift due to the Doppler effect, which is given by [24]
5 .
o _ d-/VCIDdt, (38)
v

where d is the unit vector pointing from Earth to the pulsar. The fifth force potential is
given by Eq. (1) and ®(r) = Vyu(r)/M, and its gradient is

Vo(r) = G [14+a(l+7r/Ne "] 7. (39)

72

To simplify these expressions, we perform the analysis in the pulsar rest frame and place
the pulsar at the origin. We then write the DM position as 7(t) = 7 + vt with ¢ being the
DM velocity. The two important timescales in this system are the time of closest approach,

to = —7 - U/v?, and the signal width, 7 = |7y x ©]/v?>. The impact parameter is given
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by b = 7 + Utg = v7. Defining the dimensionless time variable, z = (¢ — to) /7, we write
= b(l; + x0) and 7 = bv/1 + x2. Using these variables, the frequency shift due to the fifth
force can be written as

- 1 >
(51) _ @Gmx_d./(l— <1+§\/1—|—x2) e~ OIVIES (§ 4 ni)de . (40)
fifth

v V27 + 22)3/2

The equivalent expression for gravitation is given by Eq. 40 but with @ = 1 and A — oo.
In general the integral in Eq. 40 has to be computed numerically. An additional integration
over time gives the phase shift d¢o(t).

The above analysis assumes that the DM trajectory is approximately a straight line,
which has been shown to hold for the DM mass range that we are interested in for gravity
only [27]. In the presence of a fifth force, the deviation in DM paths is small if and only
if b ~ ry;, where rp;, is the distance of closest approach. Eq. A4 implies b ~ 1y, iff

%(1 4 ae~**) < 1. One can estimate the minimum impact parameter of all passing DMs

3 my 1/3 My 1/3
bin ~ | ——— ~3 — : 41
<47T Px ) be Mo )

If the aforementioned condition is not satisfied, then DMs will substantially converge to the

to be

pulsar, which will lead to a larger amplitude for the timing deviation. Hence our constraints
based on the straight-trajectory approximation serve as a conservative estimate. We leave a
detailed analysis of PTA constraints accounting for full DM orbit information as a potential
direction for future work.

To search for the DM signal in experimental data, similar to the static analysis in Ref. [27],

we parametrize the signal with the leading order perturbation of the timing model

5¢(t) _ A t3, (42>

v yr2

where A characterizes the signal amplitude. Terms of order t2 or less are degenerate with the
timing model and have no observable consequences. We search for the signal in Eq. 42 using
enterprise and compute the Bayesian posterior distribution of the DM amplitude, P (A|5z? ),
using the Markov Chain Monte Carlo sampling techniques with the PTMCMCSampler package
[72]. The parameters and priors are listed in Table. I. In particular, we adopt a uniform
(instead of log-uniform) prior on the DM amplitude A, which is a standard procedure for

upper-limit setting [27, 73]. For the red noise amplitude, however, we use a uniform prior
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Parameter Description Prior Comments

Red noise
Ared Red noise power-law amplitude  Log-Uniform [—20, —11] one parameter per pulsar
Yred Red noise power-law spectral index Uniform [0, 7] one parameter per pulsar

Dark Matter

A Dark matter amplitude Uniform +£[1072°, 107!1] one parameter per pulsar

TABLE I. Parameters and priors used in the PTA analysis with the 11-yr dataset from NANOGrav.
The notation Uniform =+[...] stands for the union of Uniform [+...] and Uniform [—...]. We
account for the effects from white noise by marginalizing over a multiplicative pre-factor of the
timing residual errors. Errors from Solar System ephemeris (SSE) modeling are corrected using

BAYESEPHEM, as described in [50].

to avoid the transfer of signal power to the red noise process, which has been shown to lead
to overstated Bayesian upper limits [74].

We now fix a choice of A\. To relate the posterior distribution P(A|6%) to the fifth
force parameters &, we use a Monte Carlo simulation described in Ref. [27] to compute
the conditional probability P(A|&). In particular, we randomly distribute DMs in a sphere
and compute the total d¢(t) using Eq. 40. We then numerically fit d¢(t) with a third
order polynomial in ¢ to extract the t3 coefficient and hence A. This procedure is repeated
for numerous realizations to obtain the required distribution P(A|&). The final posterior

distribution on & is then given by [27]
Np oo
P(a)ot) o< || / P(A;|&)P(A;]61)dA; (43)
i=1Y ">

where Np is the number of pulsars.'” The posterior distribution satisfies the normalization
condition [ daP(alét) = 1.

Finally, we compute the 90" percentile upper limit on & for each choice of A, which
is shown in Fig. 3. In the large mass limit, the constraints degrade since b;, becomes

larger than A, hence the phase shift is dominated by gravitational effects only, which is not

10 Tn Ref. [27] we also considered the possibility of deriving upper limits using the maximum amplitude
among all pulsars (instead of using the amplitude in every single pulsar), but the limits turn out to be

less stringent than the present results.

20



10713 10~ 1079 1077 107° 1073 101
mx [Me)

FIG. 3. The 90" percentile upper limits on the fifth force strength & derived from the NANOGrav

11-year dataset. The constraints are shown for different DM mass mx and range .

sufficient to produce an observable signal. On the other hand, in the low mass limit, we have
bmin S A, but the constraints also become less stringent, since the fifth force and gravitational
strength weaken with the DM mass. For adequately large force ranges (i.e. A = 1072 pc),
there is an intermediate mass regime where by, S A so the fifth force effectively modifies the
gravitational constant by G — (1 4+ @)@, but its strength is not enough to perturb the DM
path, hence the constraints exhibit a plateau behavior similar to the gravity-only analyses

in Ref. [27].

IV. INFERRED LIMITS FROM EQUIVALENCE PRINCIPLE TESTS AND THE
BULLET CLUSTER

In this section we consider indirect constraints on a fifth force between NS matter and DM

from a combination of weak equivalence principle (WEP) tests [I, 65], which can constrain
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composition-dependent forces to be weaker than gravitational at macroscopic scales, and
the bullet cluster bound on DM self-interactions [13, 11]. In Sec. IV A we translate a WEP
bound on the differential acceleration of two baryonic bodies toward our Galaxy’s center to a
limit on @ and A when A < kpc. We then combine bullet cluster limits on ax = g% /4rGmA
with the very strong WEP constraints on &, = g2 /4nGm? at Earth and solar system scales

(A 2 1000km) to infer a limit on & = /axa, in Sec. IV B. Our results are shown in Fig. 4.

A. Weak Equivalence Principle Tests

Most DM-baryonic matter WEP tests constrain the difference in acceleration between two
baryonic test bodies (which we will label as A and B) toward the galactic center, divided
by the total acceleration:!! %. When the total acceleration is dominated by gravity and
the fifth force is Coulombic, assuming the DM charge-to-mass ratio is constant for DM

throughout the halo, it is given by'?
AaCoul

ot = (i), () ) o

where () is the effective charge of the body in units of g,,. The difference in charge-to-mass

ratio for the test bodies must be nonzero in order to obtain a non-trivial constraint. For
normal matter, we consider couplings to baryon number or to B — L—i.e. Q = Bor B— L,

but other combinations lead to similar constraints.

To include range dependence in the differential acceleration calculation, we integrate

[AGyui ()]
|AEC0ul(F)| ’

a spherically symmetric DM halo mass distribution, ppa(r’), and a uniform DM charge-

over the force times DM distribution and correct Eq. 44 with the ratio Given

to-mass ratio, the net acceleration due to a Coulombic force from halo DM on object ¢

at position 7 relative to the halo’s center is doow(7) = @G M%ﬂ - for Phato(r")d37'. For a

Yukawa force, when A < r, we find'?

L Q= Phalo(T)e A Qi .
aYuk<T) = —OCGM - \Y = — =2/ d3 / ~ 47TC¥G)\2M - pgalo({’n)r . (45)
1/m'ﬂ DM halo |T -r | l/mn
1 See Ref. [(7] for one of the most highly cited treatments/reviews from the last decade.

12 We neglect the difference between the atomic mass unit, u, and the neutron mass, m,,, throughout.

13 We dropped terms suppressed by e~/

f€_7 e phalo( )’I",d’l" )‘2phalo< )

and higher powers of 2. More precisely, we assumed Apf,, (r) >

77‘/)

-/ Phalo\T (
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limit ref test (test objects) A((B—L)/(M/my,))|A(B/(M/my))
]%| <3x 107 [79) perihelion precession (Sun-Mercury) 0.37 ~ 0
|%| <0.004  [70] binary pulsar (NS-WD) 0.69 0.19
%\ <1075 see [65] lunar laser ranging (Earth-Moon) 0.012 ~ 0
]%| <1074 [65] torsion pendula (Be-Ti, Be-Al) 0.013, 0.036 0.0024, 0.0020

TABLE II. Collection of limits on the differential acceleration of two baryonic test objects toward
the galactic center. The B and B — L number to mass ratios are based on Table II in [75] and
Table 1 in [65]. The magnitude of the gravitational acceleration field due to galactic dark matter
at Earth was taken as 5 x 10~ m/s? in [65], following [77]; this is the value assumed in calculating

|%| for the last two entries.

Therefore when A < r the ratio of Yukawa to Coulomb differential accelerations for test

objects near the same radial distance, r, from the halo center is given by

|A6Yuk(fj| ~ —47T7’4p%a10(7’) é ’ (46)
|Aacoul(f>| f()r phalo(r/)dgf'/ r '
Given an NFW DM halo profile [75],
Dhalo (T) Phalo,0 (47>

T frs(L+ 1)1y

with scale radius 7, the expression in Eq. (46) becomes

| Adyvu(7)] (r/rs)*(1 + 3r/rs) ()‘)2 ‘ (48)

r

[Adcou(F)]  (L+7/ro)?[(L+7/ro)log(1 +1/rs) —7/rd]

The coefficient in Eq. (48) lies between 2.4 and 2.6 when 0.23 < = < 2, with the maximum

of about 2.6 occurring near - = 0.8. For concreteness we take r = 8kpc and set the

coefficient to 2.5, which is within 4% of the exact value when 4kpc < ry < 35kpe, well

within agreement with recent fits [79, 80]. The constraint on a Yukawa fifth-force then
reads,
A . A 2 A max
el ~056 () |(577) - () | <[5 (49)
Aot r M/mn A M/mn B Aot

Table II shows a variety of recent limits on differential accelerations, along with the difference
in B- and (B — L)-to-mass ratios for the test objects. The strongest limit given Q = B
corresponds to |%|/|A[Q/(M/mn)]| < 0.02. The best limit given Q) = B — L is more than
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an order of magnitude stronger. Therefore the limit on a Yukawa fifth force coupling to

baryon number from equivalence principle tests is roughly,

A \2 1/3
2.5 ( ) <0.02  when (@) < A < 8kpe, (50)
8 kpc Px

where the conditions on A are necessary for consistency of our spherically symmetric fluid
approximation for the DM distribution near Earth, where the inter-DM spacing is estimated

1/3
as (%) and we set Earth’s galactic radius to r =~ 8 kpc.

B. Bullet Cluster limit

Following Ref. [15], the momentum transfer cross section for a long-range DM-DM in-
teraction can be approximated as o7 ~ 4wd% where d¢ is the distance of closest approach

given a repulsive Yukawa interaction, Vi =

Gm3 a _ . ..
e /A For simplicity we assume an

order one fraction of the DM by mass takes the form of objects with roughly the same size.

Assuming the Yukawa DM-DM interaction is much stronger than the gravitational DM-DM

interaction at closest approach, ch =W (‘LGO:‘\%), where W is the Lambert W function

satisfying W (z)e" () = z and v is the relative speed of the interacting DM pair. Observation

2
of the bullet cluster sets the rough limit :l—f( = e C?“‘Q, translating to a limit

mx
4G6¢me 1 mx 1 MmX cm
— <

’[}2 EgG 4r & A cm (51)

~ mx 6 < (% >2 4x10—3 ;&—X%
— < 2x10 ORI 52
N S \02) ¢ (52)

The limit becomes very weak when the interaction range, A, is comparable or small com-

or

pared to the scattering length , /" cm = 1072 = pc.'* The constraint on ax is clearly
consistent with our assumption that ax > 1 when mx < M.
Now consider the indirect constraint on &. If the DM and B fifth force charge to mass

ratios are approximately independent of environment, then
a ~ \/a,ax. (53)
Therefore the bullet cluster constraint plus a constraint on @, lead to a constraint on a:
- 1/2 1/4
Qg M, v 2x10-3, /X Be
G<5x107% me) ( )e o N 54
(20)" ()" (2 .

14 Conversely, the limit is very insensitive to A as long as A > 1072 T/Tg pc.
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We choose a fiducial value of 107! for a™ based on the MICROSCOPE limit [11, 12]
but note that a more conservative limit based on inverse-square-law tests corresponds to
am™ ~ 107! - 1071 in the km to pc force range [1]. Furthermore, both the inverse square
law and MICROSCOPE limits come from measuring accelerations on Earth and in our solar
system—very different from the bullet cluster environment. A more conservative approach
would not combine the limits at all. Furthermore, we note that the bullet cluster limit on
DM sub-components weakens precipitously.

The limits in Eqgs. 52 (red), 54 (purple), and 50 (blue) are represented in Fig. 4, along with
the best constraint on &, from Fig. 1 of [11] (green) for two force ranges at the boundaries

of our range of interest. The inferred limit on & is just the geometric mean of the limits on

ax and Q.

V. SUMMARY AND CONCLUSIONS

We investigated probes of a long-range DM-baryon interaction. First, we derived limits on
the interaction strength and range as functions of NS temperature and DM mass, density,
and asymptotic speed distribution. This work extends the dark kinetic heating analysis
of [28] to long-range forces and draws on the PBH gravitational tidal capture analysis of
[56]. Fig. 2 shows our limit based on the coldest known NS. Next, extending the work in
[27], we considered effects of a long-range fifth force on Doppler shifts of pulsar frequencies,
and derived a limit based on the 11-yr NANOGrav PTA timing dataset, shown in Fig. 3.
Finally, we considered indirect limits from weak equivalence principle tests and the bullet
cluster, shown in Fig. 4. The three sets of constraints are shown together in Fig. 1. The
indirect bullet cluster + WEP bound is stronger than the direct tidal heating and PTA
bounds by an order of magnitude or more for all of the parameter space we considered.
However, the tidal heating and PTA constraints are still interesting since they are direct
phenomenological probes on DM-baryon interactions, independent of the microscopic origin
of such a force. Moreover, if additional short-range interactions assist DM capture by NSs
(allowing “maximal kinetic heating”) or if only a subcomponent of DM interacts through
the long-range fifth force, the kinetic heating and PTA limits dominate.

Imminent improvements on NS temperature and pulsar timing observations from, e.g.,

the James Webb Space Telescope [81] and Square Kilometer Array [32] will extend the
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FIG. 4. Constraints on the fifth force to gravitational force strength ratios for baryonic matter
self-interactions (&, ), DM-baryon interactions (&), and DM self-interactions (&), from MICRO-
SCOPE (Fig. 1 of [11]), weak equivalence principle tests constraining accelerations toward the
galactic center (Eq. 50 and Table II), and the bullet cluster (Eq. 52), respectively, for force ranges
at the extremes of those we consider. The inferred constraint on & (purple) is derived by combining
the MICROSCOPE (green) and bullet cluster (red) limits, using @™ = | /amaxa** (Eq. 54). We
have assumed that all of the DM in the Milky Way halo and in the bullet cluster takes the form of

compact, effectively point-like states with approximately the same mass, mx.

reach of NSs as probes of a long-range DM-baryon fifth force. In addition, the requirement
for the NS cooling timescale to be smaller than the encounter timescale can be potentially
relaxed by surveying a large population of NSs and searching for a fraction of them that

are still cooling down after recent DM encounters [33]. On the other hand, higher than

expected temperatures of isolated old NSs could be a sign of DM kinetic heating; if those
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temperatures are higher than can be explained given kinetic heating through short-range

interactions (c.f. [28] and Eq. 21 with @ = 0), a long-range force could be part of the
explanation. So could DM annihilation (see e.g. [$1-88]) or other DM-induced exothermic
processes (see e.g. [13, 89]). An unexpected NS temperature age dependence for old NSs

in otherwise similar environments is another potential signature of a long-range force, since
the heating rate can dramatically change once the effective charge of captured DM becomes
comparable to that of the NS at birth. As discussed at the end of Sec. II, scalar-mediated
interactions would lead to accelerated heating and vector-mediated to decelerated heating
at late times. We leave detailed analyses of such possibilities for future work, should any

observational hints arise.
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Appendix A: Classical Orbits and byax

In this appendix we consider orbits of point-like DM about a static NS given both a
gravitational and Yukawa force between them, as described in Sec. . Our primary goal is
to identify the impact parameters of orbits that intersect the NS, which requires finding the
location of centrifugal barriers. The barriers can occur at radii » 2 \ where the fifth force
is starting to turn on, and at radii much smaller than the force range, where general and
special relativity can be relevant. We begin with a reminder of the gravity-only case and
then generalize to include the Yukawa interaction.

The general relativistic expression of energy conservation given a spherically symmetric

star of mass M and a much lighter orbiting body of mass m comes from the constraint
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2. Employing the Schwarzschild metric and coordinates, p, = gttmj—j =-—-F =

puptt = —m
—my and py = g¢¢m% = L = ~ymbv are conserved quantities along geodesics, where v
is the asymptotic DM speed, v = 1/v/1 —v2, and b is the impact parameter. With these
identifications the constraint reads,

©E ()

Given a large enough impact parameter, DM streaming in from infinity with asymptotic

speed v hits a centrifugal barrier, where g—: — 0.
Given an additional attractive Yukawa interaction, the four-momentum constraint is the

same, but £ — E — Vi So orbits obey!”
2
E — E— _
(&) - (=) () 42
dr m m

Vere __GMae ™ \/(1 B 2GM) ((L/m)2 . 1)‘ (A3)

m r r 72

with'6

The turning points, i, of unbound orbits—i.e. centrifugal barriers—occur at the maxi-
mum radial coordinate for which Veg, = F. Solving the condition for the impact parameter,

b, yields,

2
1 + 2GM (1 + &e—Tmin/)\) _|_ <ﬂ&6_rmin/>‘)

"'min'y27-}2 TminYV
1 — 2GM>

b(rmin) = Tmin
< Tmin

(A4)

DM focused through gravity alone breaches a NS surface iff b < b(R)|a—0 = Ry/1 + % ~
2GMR/v?

1—2GM/R"

For large @, the exponential turn-on of the fifth force can lead to an additional partial cen-
trifugal barrier at » > A, and the peak of the inner centrifugal barrier near the Schwarzschild
radius moves to larger radial coordinates. These behaviors are demonstrated in Fig. 5, which
shows examples of Vog 1 and E assuming v = 1073 for A = 107! pc. When & = 20 (orange),
the centrifugal barrier appears first in the inner region where » < A\. When & = 50 (purple),

the centrifugal barrier appears in the outer region where » > 2. In these examples, DM

15 The NS’s fifth force charge could non-negligibly affect the general relativistic lapse function when

2 2
% = a, ((M;?m">NS%) 2 0.1. So a consistency requirement is /&, (%) o < 1. Since

N

equivalence principle measurements restrict &, < 107!1-107? for the force ranges we examine, the condi-

~

tion easily holds when baryonic charge (and not captured DM charge) dominates the total NS charge.
16 C.f. [90].
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FIG. 5. Veg+ as a function of DM radial coordinate when b = bpax (solid) and b = 10001y o
(dashed/dotted), with A = 10~ pc, v = 1073, and & = 20 (orange) or & = 50 (purple). The
right-hand plot shows only the outer region, with the vertical (logarithmic) scale magnified. In
this example, the inner barrier determines by« for & = 20 while the outer barrier determines by ax

for & = 50. C.f. Fig. 6.

orbits either hit a centrifugal barrier at » > R or they intersect the neutron surface when
j—: > (; there are no orbits that just barely touch the NS surface.

The solid lines in Fig. 5 correspond to conserved angular momentum L = ymby,v. For
large @, as can be seen in the figure, b,.« and the coordinate of the barrier’s peak, r,, are

the solutions to

‘/e/ff, +(Tb)|L:'YmbmaxU =0, Ve, +(Tb)|L:'YmbmaxU =ym. (A5)

For very large & there are two solutions, corresponding to the inner and outer barriers,
respectively. The maximum impact parameter of DM that intersects the NS is the solution
with smallest byax.

Using v? < % < 1 and A > R, we find that a very good analytic approximation for

bmax is given by the minimum of

R % (1+ ae R/ + (%&e—R/Af

brnax inner ~ — A6
e ey Ao
and
2G M N
bimax, outer = \//\:v ( S+ )\m) with z ~ log (%) 2 2+ log2, (AT)
v GM T loga

29



SO
bmax = MiN (bmax, inners Dmax, outer) - (A8)

Fig. 6 shows our analytic approximation in Eq. A8 (color) alongside numerical solutions

to Eq. A5 (black)!'™ as a function of & for three choices of force range, A, assuming v ~ 1073,
R = 10km, and % = 0.2. The inner barrier controls b,., at small a. For & > 1, by
grows in proportion to & until it is cut to logarithmic growth because of the outer centrifugal

barrier at radial distances greater than .

10 7 ] 4g0
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9| -~ B
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: 107 ,‘:’:._._._.i\.lo._‘ic_._._ g F
Q I // j:
105 j /,/¢ /\=10—11 pc | 10_8
1000} " oo
10 ! ; : L L L L L L L . |
10 10° 10°
a

FIG. 6. Maximum impact parameter for which DM with asymptotic speed v ~ 1073 intersects a
NS with circumferential radius R, assuming GTM = 0.2, as a function of &. The quoted A values and
right-hand scale assume R = 10km. The black lines show (more exact) numerical results while the
colored lines show our analytic approximation in Eq. A8, which agrees with the numerical results
to within better than a factor of 2 in the entire range. The kink in the by, curves correspond to

the point where the outer centrifugal barrier at » > A occurs at smaller b than the inner barrier

closer to r ~ R. C.f. Fig. 5.

We end this appendix with a few comments on our analytic approximation and the
behavior of b,... Eq. A6 is the impact parameter for which the effective potential equals F
at the NS surface in the v < 1 limit—i.e. b(R) from Eq. A4. It is only a slight overestimate

of the impact parameter for which the inner centrifugal barrier peaks at £ (c.f. Fig. 5),

17 When GTM =0.2and A> R, rp, S R when & < 6, and byax is given exactly by Eq. A6. The exact cutoff

at small & depends somewhat sensitively on %.
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and it is exact in the limit & — 0. In the opposite limit and when A > R, bnax, inner =

GM == a; the effective radius of the NS is approximately the geometric mean of the Coulomb

classmal and circular radii (GM & and G]\g 2 respectively). Eq. A7 comes from analyzing the

effective potential in the GM (L/ m)

< 1 limit (the nonrelativistic limit), and r, ~ Az. For
x < 2, the outer barrier does not exist. When the Yukawa force is much smaller than the

gravitational force at the gravitational circular radius, ae~ M/ VA 1, gravity is important

in determining buax, outer; a0d bimax, outer — %\/ 20AGM log(alog @&). In the opposite extreme,
when de~GM/v*A > 1 gravity is unimportant in determining the location of the barrier, and
bmax, outer — A log (O‘GM ) This latter case is the only one where b,,.xv evolves appreciably
as a function of v; in all other limits discussed, bmaxv is essentially constant.'® When
computing averages over the asymptotic DM velocity distribution, we use the fact that bv
is nearly constant or—in the limit just discussed—mildly increasing (less than linearly) as

a function of v.

Appendix B: Timescale for heating once captured

In this appendix we estimate the period of the first obit after DM is captured by depositing
energy AFEg e during a transit of a NS. Our approach is inspired by that in [56]. As long

GM o —rmax/ A LM GM 1, a non-relativistic

Tmax

as the apastron of this orbit, ryax, is large so that o>~
treatment yields a good estimate because then the DM is non-relativistic on parts of its
trajectory near the apastron, where it spends the majority of its time. We proceed with a
non-relativistic analysis.

The apastron is related to the DM’s conserved non-relativistic energy, F, and orbital
angular momentum magnitude, L, through

GM 1 L?
B GMmX (| ey 1P
Tmax 2mxr?

max

(B1)

And the period of an orbit with apastron r,,, and periastron r;, is

Pouar s (9F  2GM Limx)*\ "
At = 2/ d—,r = 2/ (— L (1+ae™/?) — M) dr. (B2)
T r Tmin

mx r r2

min

18 When v < 1, we expect (L/m) ~ bv to be nearly independent of v for orbits that sweep near the NS surface
because the kinetic energy at closest approach is essentially independent of v; it is instead dominated by

the fifth force and gravitational potential energy loss.
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Assuming orbital angular momentum doesn’t increase upon capture, Leoged orbit < M.x Omax?,
and the orbital angular momentum term negligibly affects the period of orbits with rp., =>>
R, which are the orbits with the largest contribution to the total energy deposit timescale,

we get

Tmax 5o—T/A 5 o —Tmax /A -1/2
At%Z/ (2GM(1+ae ) 2GM(1+ ae )) 0 (B3)
0

r T'max

The above equation is the period of a maximally eccentric orbit. It reduces to Kepler’s third

law, At = 2%\;;% for a maximally eccentric orbit, where a = ry.x/2, when the ratio of the

fifth force to the gravitational force at the apastron is very small, &(1 + “‘j\a")e_rmax/ A1
To extremely good accuracy when the force ratio at the apastron is either very small or very

large, we find the integral can be approximated as

Ato(Tmax) 7 a2 N GM
At ——— = —

(B4)

where At, is the period of a circular orbit with radius r,.. Eq. B4 is an overestimate. The
overestimate is most significant when the force ratio at the apastron is comparable to 1 and
@ is large, but it comes within a factor of 4 as long as & < 10%.

The apastron of the orbit after the first encounter, 7yax1, is given by the solution to
my (Ly/my)?

2
max,1

GMm
2 X ~  —Tmax,1/A
5mx0? = A = T~ (1 + aemm=t/A) 4 SR

(B5)

A good estimate of the period of the first orbit after capture, At;, is given by Eq. B4

evaluated at Tmax = Tmax1 determined by Eq. B5 with L; = 0 (a maximally eccentric orbit).

2
max

We note that ryax1 is an increasing function of v and ey 1(v) < Tmax1(0)/(1 —v?/v2,.) so

that At(v) < —=9 __ For asymptotic speeds up to about 0.8 Veaps At1(v) = At1(0) is a

(17’02/1}2&}))3/2 )

good estimate; the period rapidly asymptotes to infinity thereafter, as v — vcap.

Altogether, we have,

3/2 1+ GeTmaxa/A) /2
At (0) ~ GM - ( AZX > ( ) (B6)
\/5 graze \/1 T a (1 + T‘m;x,l) e~ Tmax,1/A
where we redefined 7,,x,1 to be defined through Eq. B5 with v =0, L; = 0:
GM
AByae = ——— X (1 + Ge~rmas 1/, (B7)
Tmax, 1
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When rmax1 > A and Mde’“ﬂﬂ"vl/ A« 1, the period of the first orbit after capture
x ( mx )2 CMmx (14+&)
is approximately At; ~ GM - ( AE;;ZQ) . When rpax 1 ~ m <K A\, Aty =
3/2 -~
GM = (AE;ZC> (1+ a).

The timescale is the limiting factor in the tidal heating rate when At; 2 tys. From Eq. B4,
NeTeivs 2/3 2/3 2/3
Tmax,1 > <yAtl(O)> so Aty 2 tns requires Tmax < <th\/ GM) ~ 10pc (gfysr> .

2/3
For \ < (thv GM) and a < We(t“vmm /A, we see At; = tyg corresponds
INsV
3/2
to the contour Aty = GM - <Agbgfaze) = tNs.

Appendix C: Pulsar Glitches

In principle DM can transfer both energy and angular momentum to pulsars. At most,
DM can transfer its entire angular momentum, mxbv, during a close-range interaction. This
would cause a typical shift in the pulsar frequency—a glitch—of at most

|ALNS| mx (bmax?) 5 (M (bmax?) 10 km
N N H . 1
Av 2MR? 10 < M ) R R z (C1)

Meanwhile, the DM glitch rate per NS is at most the DM flux, given by,

102 R 1AM, 1073 [ (12 M
LT R px 010 <<b >) L (C2)

yr (10km)20.4GeV/cm® M v, R? mx

Consider Av ~ 107Hz as a benchmark.'” Given gravity only, (bp.v)/R ~ 1, requiring
mx/M 2 107! for a glitch of order 1072Hz or greater, and the rate for such glitches is
order Nglitch ~ 10}%0 or less for the fiducial parameters in Eq. C2.

However, the presence of a DM-NS fifth force with range greater than order a thousand
kilometers opens up the possibility for larger by,..; thus smaller mx could cause detectable
glitches at greater rates than in the gravity-only case just discussed. Given maximal kinetic
heating, the coldest observed NS constrains & < 102 for A = 107" pc (see Eq. 33), corre-

M < GM 102 ~ 20. To get typical glitches of order 107Hz or greater, one

sponding to
would require %X > 10_15 and thus a glitch rate less than about 107% per NS per year.

To conclude, in principle, a DM-baryon fifth force may have given rise to an interesting

19 Several convincing detections of frequency shifts as low as order Av > 107?Hz have been made [91-93].

See Ref. [94] for a discussion of thresholds.
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DM-induced pulsar glitch phenomenon, but kinetic heating limits rule this out.
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