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MOTIVATION

Can a PBH be detected through gravitational
interactions with observed astrophysical systems?
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FIRST CONSTRAINTS ON MACHOs

MACHOs: Massive Astrophysical Compact Halo Objects

In the quest to detect MACHOs, binary star systems have served as valuable observational probes.
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MACHOSs, by definition, are heavy
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Unlike MACHOs, PBHs can have a
wide range of mass
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Can a low-mass (<M ) PBH

be detected through gravitational
interactions with binary star systems?
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THREE-BODY DYNAMICS

A gravitational three-body problem is extremely complicated and highly
sensitive to initial conditions, which can vary a lot. However, in specific
circumstances, it is possible to predict the outcome of the event.

There are five possible outcomes in three-body encounters:

1. | Hardening PBH

2. | Softening e
3. | Disruption @

4.| Capture

5.| Exchange
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POSSIBLE OUTCOMES
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THREE-BODY EXCHANGES WITH PBHS

BB, Ben Lehmann, Kuver Sinha and Tao Xu

MIT-CTP/5743

Dancing with invisible partners: Three-body exchanges with primordial black holes

Badal Bhalla."* Benjamin V. Lehmann.>" Kuver Sinha."* and Tao Xu''

"Hm_m'r' L. Dodge Department of Physics and Astronemy, University of Oklahoma, Norman, OK 73019, USA
“Center for Theoretical Physics, Massachusents Institute of Technology, Cambridge. MA 02139, USA

The abundance of massive primordial black holes has historically been constrained by dynamical probes. 3 \
Since these objects can participate in hard few-body scattering proc they can readily transfer energy to % i '
stellar systems, and. in particular, can disrupt wide binaries. However, disruption is not the only possible o,
outcome of such few-body processes. Primordial black holes could also participate in exchange processes. in S
which one component of a binary system is ejected and replaced by the black hole itself. In this case, the
remaining object in the binary would dynamically appear to have an invisible companion. We study the rate of
exchange processes for primordial black holes as a component of dark matter and evaluate possible mechanisms
for detecting such binaries. We find that many such binaries plausibly exist in the Solar neighborhood, and 1()-—3 o 2 fhmmd
show that this process can account for observed binary systems whose properties run counter to the predictions
of isolated binary evolution T T T T T T

. (10-3 AU — C- (1AU
I. INTRODUCTION Beyond these considerations which apply to the stellar dis- 6 A: (10 _ AU; 10Me, 10Mo) C: (1AU, 1Mq, 1Mo)
tribution as a whole, PBHs can also participate in few-body 107" 1 B: (1077 AU, 10 kg, l(f"”kg} - D: (10AU, 10M,. 10My)

The microphysical identity of cosmological dark matter ~ €nCOUnters with binary systems, with behavior that is radically

(DM) remains unknown. Given the difficulty in accounting  different from particle DM. In I""“I'-'Ula-r- a single three-body 1()75) ]
for cosmological observables by modifications to gravity, the encounter between a PBHI and ulhlnur_\-' system e r “"-"1'-?]

DM is thought to be made up of a new particle species be- enough energy to substantially widen or even unbind the bi-

yond the Standard Model. Another possibility, however, is ~ 1ary. This means that the distribution of binary widths can 10~ 12 |
that part or all of the DM is in the form of primordial black ~ be used to coostrain the population of “f““l‘-!'h‘-" PUrlUl'!’CF-\

holes (PBHs) produced at early times [ 1-8]. Given the null re- such as \PEHH. ;mld this exact process has lllb‘lOl‘]F&l]]}‘ prO\-']dICL{ o

sults of many particle DM searches, and an abundance of new some of the most important constraints on massive PBHs with | 10~ 15
observational probes of black holes (BHs). interest in PBHs Mppn 2 100Mg [18-23]. ;

PBHs as DM are constrained by a multitude of abservables three-body encounters, which have been cxlcmif-'cly .x.ludicd
over many decades in mass [4-6]. It is generally agreed that in other contexts [24 Consider the scattering of three

. 5 . ies 1. 2. ¢ Jhere 1 : e . ;
PBHs cannot account for all of DM outside a narrow window Ihtfdln"“ I'_ 2, and 3, where 1 and 2 L lllllldlll)" bound and 3 is 921
of masses, around 10'7-10%% g [9-12]. Siill, PBHs may ac- initially free. In general, there are five possible outcomes: 10~ 1

as a DM candidate has sureed over the last decade But the exchange of energy is not the only possibility in @)
s 2 s 5

count for up to 10% of the DM abundance in other key mass
ranges, such as the planetary mass scale, 10~ 7-10"% M. As
such, there has been a robust community effort to develop new
observables that might further constrain or produce direct ev-

. Hardening: objects | and 2 remain bound, and they give
up energy to object 3, causing their separation to de- 10 24
crease. Object 3 remains free.

— fesu=1

idence of such objects. 2. Softening: object 3 transfers energy to the 1-2 system, 10 27 |
One of the key approaches relies on the dynamics of these causing their separation to increase, but they remain -—— f " — j
objects [13-23]. On large scales, PBHs are indistinguishable bound. Object 3 remains free. ) FBH bound
from a fluidlike background of particle DM. But on suffi- R . . 10 30 - : : T : -
iently small scales, the inhomogeneity of the PBH distribu- 3. Distuption: object 3 transfers so much energy to the 1- 17 14 1 8 5 2 1 1
tion relative o particle DM leads to unique phenomenology. 2 system that the two objects are unbound. All objects 10 10 10 10 10 107 10 10
In particular, such objects can lose their kinetic energy via in- become free. mppH [\[ . ]

teractions with stellar systems. One simple way to understand
this is via thermodynamics [17]: since PBH velocities are de-

S

. Capture: objects 1 and 2 remain bound. and now object
3 becomes bound ac well, forming a triple svetem. In
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https://arxiv.org/abs/2408.04697

The mass and velocity of the PBH before the encounter determine the outcome.
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HARDENING: LOW MASS LOW VELOCITY

Consider the scattering of three bodies 1, 2, and 3,
where 1 and 2 are initially bound and 3 is initially free.

Hardening: Objects 1 and 2 remain bound, and they give up energy to
object 3, causing their separation to decrease. Object 3 remains free.

PBH
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HARDENING RATE

Quinlan (1996)[astro-ph/9601092] N-body Simulations
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x 1s dimensionless impact parameter defined as x = b /b,
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HARDENING RATE
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ENCOUNTER RATE

Slow PBHs

Ng= Large: More Hardening

Ng=Small: Less Hardening

Fast PBHs

Ng= Large: Zero Hardening

Ng=Small: Shot Noise
Could be Hardening or Softening

Mpin ( Ppm
N, = 1.62
E x(M@> 1 GeV cm=3

Q' The UNIVERSITY o OKLAHOMA

107'°M, ( a ) 220 kms™1\ [ Tops
1 AU OpMm 10 yr




SHOT NOISE
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OBSERVATIONAL PROSPECT
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IMPACT ON OBSERVED BINARY PULSARS

Some well-observed wide binary pulsars provide the most

optimistic scenario for dynamically detecting a low-mass PBH.

Binary Pulsar Pulsar Companion Projected Eccentricity| Inclination (_Jhsowed APg/mppH
Mass [Mg)] | Mass [M)] | semi-major axis Angle Pgp[ss '] | [days/Mg)
[1t-s] [degrees|
B1259-63 [24, 25] | ~ 2 ~ 19.8 129627448 (.8698 154 + 3 1.4 x 108 111.29347
I
J1713-0747 [26] | 1.33 (.29 32.3424 0.00007494 71.69 0.34x 1012 87.65122
J1740-3052 [27] ~ 1.4 ~ 19.5 756.90794 0.57887011 H3 3x10°Y 29.36776
I
J1903+-0327 [28§] 1.667 1.029 105.5934628 | 0.43667841 77.47 —33x1012 83.79168
J2016+1948 [29] ~ 1 ~ (.29 150.773037 0.00147981 58.58 7 516.71468
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CONCLUSION

L&
E SOFTENING
The net effect of an encounter
with fast, low-mass PBHs is CHOTNOLSE
small, but potentially detectable. |, | A
2z
_ o = E ! DISRUPTION
Binary pulsars offer the most optimistic 33 A ey : (MACHO)
scenario to capture this effect, given the o
extraordinary precision of binary pulsar timing.
CAPTURE E EXCHANGE
Mmpin "is
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