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Generalizing the Larmor formula 
for exotic types of radiation

• radiation of massive bosons and scalars (SM or BSM)

• fermion pair radiation via massive bosons and scalars (SM or BSM)
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ex. used to constrain 

ultralight muonophilic 

vectors and scalars  

Could this be used for some 

interesting pheno?



…but why?

• We are physicist and we like to ask and answer

questions like this

• one more example of the situation when a fermion pair 

behaves like a boson

• other examples include Cooper pairs in 

superconductors, two fermion forces (see Mijo’s talk 

yesterday)

• can study coherent fermion pair radiation

• Potential of applying the result to BSM searches

using astrophysical observations
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has some interesting 

pheno applications

can provide a 

complimentary BSM test



The key idea

Consider a system for which we understand 

how it radiates away the energy via the SM 

radiation and via GW.
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Direct or indirect measurement of the power 

radiated by the system

Test of the BSM physics



The key idea
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Larmor

Ω0Let us assume that the system 

has some characteristic 

frequency Ω0 at which it radiates. 

In the case of the massive boson 

radiation, what do you expect the 

exclusion curves look like in the 

mass-coupling plane?

• in the limit 𝑚𝑉 → 0 we reproduce 

the Larmor formula

• at 𝑚𝑉 → Ω0 the power drops 

abruptly and thus there is no bound 

in the region 𝑚𝑉 > Ω0



The key idea
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Larmor

Ω0

Larmor

Ω0Let us assume that the system 

has some characteristic 

frequency Ω0 at which it radiates. 

In the case of the massive boson 

radiation, what do you expect the 

exclusion curves look like in the 

mass-coupling plane?

• in the limit 𝑚𝑉 → 0 we reproduce 

the Larmor formula

• at 𝑚𝑉 → Ω0 the power drops 

abruptly and thus there is no bound 

in the region 𝑚𝑉 > Ω0

• in the limit 𝑚𝑉 → 0 we reproduce the 

Larmor formula

• at 𝑚𝑉 → Ω0 the power doesn’t drop 

abruptly; the radiation of fermion pairs 

takes place via off-shell bosonic state giving 

us a new bound in the region 𝑚𝑉 > Ω0
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System: pulsar binary

Model: gauged 𝐿𝜇 − 𝐿𝜏



Pulsar binaries

• Pulsar (pulsating radio source) = rotating NS which emits 

beams of EM radiation out of its poles 

• Pulsar radiation can be observed only when it points towards 

the Earth → we detect regular pulses with a period of about 

𝑇𝑝𝑢𝑙𝑠𝑒 ∼ ms

• Pulsar binary is a system of a pulsar (NS) and a companion 

(often NS, WD)

• The frequency of the pulses is affected by the pulsar’s motion

• Regular monitoring of arrival times of the pulsar signals allows 

to track the pulsar’s motion and measure the orbit’s 

eccentricity 𝑒, binary period 𝑇𝑏 and the period decay ሶ𝑇𝑏
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• NP effects: the decay of the orbit is 

accelerated

• Relevant scales: 𝑇 ∼ 10−1 − 103 days, 

𝐸 ∼ 10−23 − 10−19 eV



Pulsar binaries

•The measurements are extremely accurate with relative 

errors at percent or sub-percent level 

• Period decay rate is directly related to the total power loss
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Weisberg & Taylor arXiv:astro-ph/0407149

[place holder for your 

favorite BSM model]

parameters of the binary

power due to the GW 

radiation is also calculated 

with sub-percent to percent 

errors

For pulsar binaries measurement 

is typically within 1𝜎 of the GW 

prediction

Hulse-Taylor binary



Concrete realization: 𝐿𝜇 − 𝐿𝜏

• Additional 𝑈(1) gauge symmetries with masses below the weak scale are simple extensions of 

the SM. Such gauge symmetries can act as mediators to the dark sector and appear in many BSM 

scenarios.

• The number of accidental conserved & anamaly-free 𝑈(1) symmetries in the SM is limited →

there is a need to find as many experimental ways as possible to probe these light vectors
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strongly constrained by the 5th force searches, 

𝑔 < 10−20

NOT bound by the 5th force 

constraints as the fractions of 

𝜇 and 𝜏 in the ordinary matter 

are negligible



Neutron star content
• NS contain large numbers of muons 𝑁 𝜇 ∼ 1055

• when 𝜇𝑒 > 𝑚𝜇 it becomes favorable for electrons 

to decay into muons
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Due to the abundance of muons the effects of muonophilic physics get enhanced.

NS are unique laboratories to probe muonophilic new physics!

∼ 102𝑀𝑒𝑉

• additionally, muonic beta-decay and inverse beta-

decay become energetically favorable 

• muon decay is forbitten by Fermi statistics



Concrete realization: 𝐿𝜇 − 𝐿𝜏

• Additional 𝑈(1) gauge symmetries with masses below the weak scale are simple extensions of 

the SM. Such gauge symmetries can act as mediators to the dark sector and appear in many BSM 

scenarios.

• The number of accidental conserved & anamaly-free 𝑈(1) symmetries in the SM is limited →

there is a need to find as many experimental ways as possible to probe these light vectors
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strongly constrained by the 5th force searches, 

𝑔 < 10−20

NOT bound by the 5th force 

constraints as the fractions of 

𝜇 and 𝜏 in the ordinary matter 

are negligible

Vector boson radiation and 

neutrino pair radiation by 

pulsar binaries



Constraints on the NP radiation
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• Relation between binary period decay and the power 

loss

measured calculated as a 

function of 𝑔 and 𝑚𝐴

• GW quadrupole radiation formula

• the resulting 2𝜎 limits are plotted

MG, Gosh, Grossman, Tangarife, Tsai, arXiv:1909.12845



Conclusions, caveats, questions

• You should think about this work as a proof of principle: fermion pair 

radiation can be used to probe a larger parameter space of BSM 

models

• BUT we are not yet there:

• No comprehensive study of the bounds at large couplings was performed

• The current muon number estimate breaks down at 𝑔 ∼ 10−18

• We require massless neutrinos
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Call for input!

• Can we do smth about EoS? Can we get a better estimate of the muon number?

• Are there any other astro systems for which the fermion pair radiation can be relevant? Could we 

gain smth more practical by considering the fermion pair radiation for merger events?

• Are there any cool BSM models which can be tested with fermion pair radiation?

We talked about a gauge boson and neutrinos, but the results 

can be straightforwardly generalized to scalar mediators as 

well as boson pairs in the final state



Next paper
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Backup
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Larmor formula

• Total power radiated by an accelerating non-

relativitistic charge, where 𝑞 is the particle’s 

EM charge and 𝒂 is its acceleration.
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Our goal: derive the generalization of the 
Larmor formula to the case of fermion pair 
radiation
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…but why?

• We are physicist and we like to ask and answer

questions like this

• one more example of the situation when a fermion pair 

behaves like a boson

• other examples include Cooper pairs in 

superconductors, two fermion forces (see Mijo’s talk 

yesterday)

• can study coherent fermion pair radiation

• Potential of applying the result to BSM searches

using astrophysical observations
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has some interesting 

pheno applications

can provide a 

complimentary BSM test



Fermion pair radiation: 
calculation
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Setting up the problem

• Consider a non-relativistic point-like object with charge 𝑄

• The point-like object radiates fermion pairs

• The radiation is realized via the object’s coupling to a massive boson

• The boson is unstable and decays into a fermion pair

• Our goal is to calculate the power loss due to the fermion-pair radiation
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Note, for simplicity, in what follows we focus on the case of the vector 

boson mediator. All the result are analogues in the case of the scalar 

mediator with 𝐽𝜇 𝑥 → 𝜌 𝑥 and 𝐴𝜇 → 𝜙

We describe the point-like 

object as a classical source  

using classical current

total charge of the source

position of the point-like object

4-velocity



Calculation

The power loss due to the fermion pair radiation is calculated using
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In the case of the periodic orbit, the motion can be decomposed into harmonic modes with Ω𝑛 = nΩ. The total 
emission rate is then given by the sum of rates at different harmonics.

power loss 

energies of the final state 

fermions
differential rate of the 

fermion pair emission

emission rates at a given 

harmonic 𝑛, sum is over 

𝑛 > 2𝑚𝜓/Ω



Calculation (continued)

To proceed, we need to specify

1) the microscopic physics that generates the fermion pair radiation (aka Lagrangian)

2) the trajectory of the point-like object (aka current)
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We consider a vector mediator 𝐴𝜇 that corresponds to a broken 𝑈 1 ′ and has mass 𝑚𝐴. The relevant terms in the 

effective Lagrangian are

For the current, we consider elliptical motion of the point like object. Finally for the LO matrix element we have

recall that

Fourier transform 

of the current

decay rate



These formulas allow us to calculate the power loss due to the fermion pair radiation by a point-like object. The 

fermion pair radiation is mediated by a massive gauge boson. The point-like object has charge Q under the 

corresponding symmetry. To proceed we need to:

1) calculate the Fourier transform 𝐽𝜇(Ω𝑛) for the case of an elliptical orbit

2) calculate the matrix element squared

3) calculate 𝑃𝑛 for each harmonic (perform the 6D integration over the phase-space)

4) calculate 𝑃𝑙𝑜𝑠𝑠
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Calculation (continued)

master 

formulas



The power loss formula

• 𝑃𝑛
𝐴 ∝ 𝑄2, that is the fermion pair radiation is coherent

• Note the interplay of 𝑛𝐴 and Ω𝑛

• Note the 𝑒 dependence

• The power loss for the vector and scalar mediators has different 

functional form, but qualitatively behaves in the same way
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𝑎 semi-major axis

Ω fundamental frequency

𝑒 eccentricity

𝑚𝐴, Γ𝐴 mass and decay rate of the boson

𝑚𝜓 mass of the fermion

𝑥 = 𝜔1/Ω

Note, 𝑚𝜓 = 0



Asymptotic behavior

We consider the case of the circular orbit (𝑒 = 0) and assume massless fermions (𝑚𝜓 = 0). In the 

limit of light mediators 𝑚𝐴 ≪ Ω (𝑛𝐴 ≪ 1), we get
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In the limit of heavy mediators 𝑚𝐴 ≫ Ω (𝑛𝐴 ≫ 1), we get

Recall that acceleration 

on a circular orbit is 𝑎Ω2

Suppression!



Applicability of the result
Typical parameters of pulsar binaries:

semi-major axis 𝑎 ∼ 1024 − 1026 𝐺𝑒𝑉−1

period 𝑇 ∼ 10−1 − 103days → 𝜆 ∼ 1028 − 1032 𝐺𝑒𝑉−1

sizes of the stars  𝑟𝑁𝑆 ∼ 10𝑘𝑚 ∼ 1019 𝐺𝑒𝑉−1, 𝑟𝑊𝐷 ∼ 103𝑘𝑚 ∼ 1021 𝐺𝑒𝑉−1
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Our results for the fermion pair radiation can be applied to 

the case of pulsar binaries!

• 𝜆 ≫ 𝑎 (classical source)

• 𝑟 ≪ 𝑎, 𝜆 (point like-objects & coherence)

• 𝑣 ∼ 𝑎/𝑇 ∼ 10−2 (non-relativistic)

• additionally, observed power loss is such that it has no significant 

effect on the eccentricity 𝑒 ≈ 𝑐𝑜𝑛𝑠𝑡



Neutrino pair radiation
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One object of charge 𝑄
on an elliptical orbit

To generalize to the case of two objects on an elliptical orbit



Vector boson radiation
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Dror, Laha, Opferkuch, arXiv:1909.12845

• Relation between binary period decay and the power 

loss

measured calculated as a 

function of 𝑔 and 𝑚𝐴

• GW quadrupole radiation formula

• the resulting 2𝜎 limits are plotted



Vector boson radiation
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Dror, Laha, Opferkuch, arXiv:1909.12845

• Relation between binary period decay and the power 

loss

measured calculated as a 

function of 𝑔 and 𝑚𝐴

• GW quadrupole radiation formula

• the resulting 2𝜎 limits are plotted
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Dror, Laha, Opferkuch, arXiv:1909.12845
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Dror, Laha, Opferkuch, arXiv:1909.12845
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