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Binary pulsar

@ pulsar = "pulse” + "star”
= highly magnetised rotating neutron star which emits
pulses of light, represents a very stable clock
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(a) A pulsar (b) A binary pulsar (it has 1 pulsar only)
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Lighthouse effect

Figure 2: Lighthouse effect - idea
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Keplerian formalism

e 6 orbital parameters, e.g.: a, e, 1, {2, w, to

Celestial body,
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Figure 3: Orbital parameters
CA21106 September 12, 2023

6/22



Perturbation of Keplerian orbits

Figure 4: Perturbed Keplerian orbit

— Post-Keplerian formalism
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Timing model

@ basic quantities:

N ... phase of the pulsar when emitted a pulse
t ... pulse’s time of arrival

Ny ... reference phase

to ... reference time

e ”ideal” /trivial case:
N:No—i-l/(t—t())

@ to describe reality is more difficult, NV is a complicated function
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Timing model

PULSAR TERMS  INTERSTELLAR  SOLAR SYSTEM
MEDIUM > 4

Intrinsic spin, Dispersion, Earth rotation, solar
orbital effects scattering system orbit, clock errors

Figure 5: What makes N complicated in terms of ¢

Spoiler alert: We want to add one more effect to the
picture, the interaction of ULDM with matter
(components of the binary system)!
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Timing model

@ once we have a model for N and first parameter estimates, we can
calculate the time residuals dt:

ON
1
—V( )(st = 87]\]0|(1)5N0 + ...,

where 0Ny is the difference between the actual and estimated
value, etc.
@ contributions to dt:

1. inaccuracy in parameter determination
2. oversimplified model
3. noise
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Timing model

1e—5 ]2234+0944, observation time span: 7.1 yr
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Figure 6: Example of time residuals calculated with PINT
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(Ultralight) dark matter

e bosonic particles with m ~ 10722 1 eV

@ huge phase space occupanion number
— wave nature, creates interference patterns, locally described by
a classical field (scalar, vector, tensor) ® = ®yr cos (mget + B)
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Not DM Limit

thermal relic

Figure 7: Dark matter models - range of masses
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ULDM-binary system interaction

o if m ~ 10722 = 10718 eV, negligable backreaction
o for 31mphfi(:1ty, scalar field and universal interaction with

Ma(®) = Ma(1 + \D),
e perturbation of binary dynamics by ULDM
GM . GMrr =
T’" 2= F
T

a 2\Pewy, a® sind AP (1 4 €% 4 2ecos b)
(1—¢?)
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Constraining ULDM with NANOGrav data

1. constructing a probability distribution function for using Bayes’
theorem
2. special assumption: §t comes from UDLM and noise (Gaussian,
white) only:
5t = otPM 4 5t"N,

3. the present results cannot rule out/confirm the ULDM model, but
place a stronger constraint on the value of the coupling constant «

o = 2.55 x 1011 —° me/eV !
2(to,a) \/pa/(GeV /cm3) \/ 24 e

where 2 and E? some complicated functions, o is the noise level
and T = apylgar SiN .
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Low-eccentric binary systems

ULDM and Gaussian noise only, combination of 23 ELL1 pulsars

107194
] P
b Max: 7e-20 s
] -
-
_ .
107204 e
—_ ] -
E ] ’I’
© | ~”
= 107214 //
E E JI
ol 4 -
o -
2 1 e
e
S 10224 L
£ ] L
5 ] L
S 107774 et
3 e
] ,f
1 -
4 ’I .
10-24 7 Min: 6e-25
R T T T T T T
10723 10722 10722 10720 10717 10718

mass of ULDM [eV]

Figure 8: Blue line - constraint
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High-eccentric binary systems

J1903+0327, e=0.437
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Figure 9: Blue line - constraint
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Conclusion and Outlook

e We probe the particular model of ULDM, which includes
interaction with ordinary matter via effective coupling constant A,
with binary pulsars.

e We achieve competing or even stronger constraints than those
found in the literature.

o It has not been shown here, but we have developed a procedure that
can account for multiple contributions to 0t, not just ULDM and
noise.

o We will extend the work to vector and tensor ULDM.
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