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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)

a’ 228 . St

Z.z ¢
R

1
POSS:_22
cL 1 q a q' CL

O

q

Krause, et al. Phys. Rev. D (1994)

Mohanty, Panda arXiv:9403205 MG, Ghosh, Grossman, Tangarife, Tsai
Poddar, et al. arXiv:1906.00666, arXiv:1908.09732 arXiv:2301.01303

Dror, et al. arXiv:1909.12845

Larmor, 1897

MARGARITA GAVRILOVA, PHENO 5/9/2023 2




...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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The key idea

Consider a system for which we understand

NP GW how it radiates away the energy via the SM
'7—,_,1. radiation and via GW.
S \ Direct or indirect measurement of the power
35 radiated by the system

Ry |

M NP Test of the BSM physics
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The key idea

NP 6w

T,

Sgs’wm

™,

5M NP

Let us assume that the system
has some characteristic
frequency (1, 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?
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in the limit my, — 0 we reproduce

the Larmor formula

at my — Q, the power drops
abruptly and thus there is no bound
in the region my, > Q,
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in the limit my — 0 we reproduce the
Larmor formula

at my — Q, 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 my, > (Q,
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System: pulsar binary

Model: gauged L, — L;
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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 T, and the period decay|T}
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* NP effects: the decay of the orbit is
accelerated

* Relevant scales: T ~ 10~1 — 103 days,
E~10"2-10"Yev
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Pulsar binaries /
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*The measurements are extremely accurate with relative - ]
errors at percent or sub-percent level 5 -

* Period decay rate is directly related to the total power loss E ol E
ho 5/2 ~—3/2 _1 —1/2 g -1sE =
T, = —67a” Gy T (mima)™ (my + mo) /2 % P - -
_“; —20 :_ General Relativity prediction/ _:

v ~25 -

_ pGW NP 5 - .
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Concrete realization: L, — L,

* 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

B-L, Le—1Ly  Le—Le, | LI
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Neutron star content

* NS contain large numbers of muons N(u) ~ 10°°

E * when p, > my, it becomes favorable for electrons
to decay into muons

I A
e - _ _
ml‘ ﬁ_:;lf_’— e — [ +V,+ Ve
@  additionally, muonic beta-decay and inverse beta-
decay become energetically favorable
n—p+p +v,
©)

p+p —n+rv,
* muon decay is forbitten by Fermi statistics

T
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Constraints on the NP radiation ;
1076 :' * Relation between binary period decay and the power
10_8: loss
ool T — _ 5/2~—3/2 -1 —1/2
107" psR 71738+0333 b= —0ma’ "Gy (mama) ™ (ma 4+ ma) ™ X Ploss
10712 T
= I GW NP
10_14 - PIOSS — Loss T 'PIOSS D
10716} -
I * GW quadrupole radiation formula
10—18 i
Lo ...)] PSRBI913+16 aw _ 32 6.2 4 2\—7/2 3, 37,
_ P — = _ i 2
10 20 - | | | | | | loss 5 GQ°M~“a (1 e ) (]_ —+ 24@ — 966
10—22 10—20 10—18 10—16

ma/eV * the resulting 20 limits are plotted

MG, Gosh, Grossman, Tangarife, Tsai, arXiv:1909.12845
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Conclusions, caveats, questions

* You should think about this work as a proof of principle: fermion pair 10
radiation can be used to probe a larger parameter space of BSM 1078t
models 1071 EPSR 11738+0333
« BUT we are not yet there: s 1077
* No comprehensive study of the bounds at large couplings was performed 12:2
* The current muon number estimate breaks down at g ~ 10718 Lo-8] _
* We require massless neutrinos 10—20F s J PSIRBIIQIBHIG
Call for input! 1070010

mA/eV
* 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?
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Next paper

New and relevant constraints on muonophilic new physics using

fermion pair radiation by astrophysical sources

%

Margarita Gavrilova* and friends?®

L Department of Physics, LEPP, Cornell University, Ithaca, NY 14853, USA
25280 High Energy Lane, New Physics City, Universe 42
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Backup
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Larmor formula

1
K lDloss — q2a2
O7

* 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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Fermion pair radiation:
calculation




Setting up the problem

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

* The point-like object radiates fermion pairs ﬁjnr
* The radiation is realized via the object’s coupling to a massive boson At‘

* The boson is unstable and decays into a fermion pair /“//V &
* Our goal is to calculate the power loss due to the fermion-pair radiation Q

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

. . A i
mediator with J#(x) - p(x) and 4, — ¢ @N\L‘w<
total charge of the source I ‘I'
We describe the point-like J
object as a classical source ( ) Q() (:13 — aj( )) Mo 4-velocity
using classical current AN

position of the point-like object
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Afd ?. Ka = (w.l, zz)
e~ *.Kf(wn_‘zt)

Calculation I

energies of the final state

The power loss due to the fermion pair radiation is calculated using :
fermions

differential rate of the
power loss  Ploss = /(wl + wy)dl’ fermion pair emission

In the case of the periodic orbit, the motion can be decomposed into harmonic modes with (),, = n{). The total

emission rate is then given by the sum of rates at different harmonics.
emission rates at a given

dl' = Z dI',, «——— harmonic n, sum is over
" n>2my/Q

P, Ak
(2m)3w; (27)3wo

ALy, = Y (Mo (s1,82)2(2m)6(Q, — w1 — ws)

51,52

PIOSS:ZPﬂj Pn:/(w1+w2)drn
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Afd ?. Ka = (w.l, zz)
e~ *.Kf(wn_‘zt)

Calculation (continued)

Pk, A’k
(27)3wy (27)3ws

E : 2
51,52
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)

We consider a vector mediator 4, that corresponds to a broken U(1)" and has mass my. The relevant terms in the
effective Lagrangian are

Log D gA T + gquib A recall that J'(z) = Q0*(x — x(t))u

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

Fourier transform

(=N + (k1 + k2) (k1 + kQ)V/m?ﬁl) V(ﬁ/)ofthe current
(k1 4 k2)2 —m? +imal 4 — eI\

decay rate

M, (s1,82) = g°qpii(k1, s1)7" v (ka, s2)

5/9/2023
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Afd ?. Ka = (w.l, zz)
e~ *.Kf(wn_‘zt)

Calculation (continued)

PIOSSZZPH: Pn:‘/(wl‘i_wZ)an
dgkl d3k2 master
(2m)3wy (27)3w2 formulas

(=1 + (kL + ko) (kL + ko) /m%)

Oy,
(k1+k2)2—m?4+imAFA Cl( ) —

dl’,, = Z |,/\/ln(51,52)|2(27r)6(ﬂn — W) — wo)

51,52

Mo (51,52) = g*qu(ky, s1)v v (ka, 52)

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:

=

calculate the Fourier transform J#(£,,) for the case of an elliptical orbit

w N

)

) calculate the matrix element squared

) calculate P, for each harmonic (perform the 6D integration over the phase-space)
)

AN

calculate Py
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The power loss formula

pA_ 9%q;Q°

n = 93 QQQ4B£(RA,TL¢,TLF)

, 1—¢ nny
B (na,nyg,nr) = (J,:L(ne)zqL ‘ Jn(ne)Q)/ r FA(z,n,n7,ny,nr)

e2 .
na=ma/S, Ny = My /1, np=1,4/¢ /
10¢ : : n=1
n=2
« P4 o (2, that is the fermion pair radiation is coherent 10-19 n=3
n =4
* Note the interplay of n4 and (},, Eﬁ Lt
-39t
* Note the e dependence 10 ny =0
e=10"
* The power loss for the vector and scalar mediators has different 107% g=10""
functional form, but qualitatively behaves in the same way

0001 0.100 10 _ 1000

iy
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Asymptotic behavior

We consider the case of the circular orbit (e = 0) and assume massless fermions (m,, = 0). In the
limit of light mediators my < Q (ny K 1), we get

Recall that acceleration

9
A 9 12 204
Po(my < Q) = 67TQ a“{ on a circular orbit is a0?

In the limit of heavy mediators m, > Q (ny > 1), we get

9" Q% 20 | 1 ¢°q Q!
2107 m?%  |35m2  mY

PA(my > Q) = x PA(my < Q)

Suppression!

MARGARITA GAVRILOVA, PHENO
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Applicability of the result

Typical parameters of pulsar binaries:

semi-major axis a ~ 10%* — 102%° GeV 1!
period T ~ 10™! — 103days - 1 ~ 1028 — 1032 GeV 1

sizes of the stars rys ~ 10km ~ 101° GeV ™1, ryp ~ 103km ~ 10%1 GeV 1

* A > a (classical source)

jf\
* r < a, A (point like-objects & coherence) "
v ~a/T ~ 1072 (non-relativistic)
* additionally, observed power loss is such that it has no significant O NAA

effect on the eccentricity e = const

MARGARITA GAVRILOVA, PHENO
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10§

n=1

",

107 ne i
T e g
° ° ° ° M 10~ t

Neutrino pair radiation W=t
107°F g=10""
L 0001 0100 10 1000

P = g;‘;ﬁg a?*Q* B (na,ny,nr) N A

) 1 o Z Ty 'fb/u')
BM (nar,ny,nr) = (J;L(ne)z—i— 26 Jn(ne)2)/ dz FM (z,n,nar, ng, nr)

&
o

anEm]\,f/Q, nwzmd)/ﬂ, RFEFJ\J/Q

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

Jh(z) = Qo° (@ — m(t))u” Ti(x) = D Qio*(@ —ai(0))uf

pA _ g qu,g (Ql @

" 1273 my Mo

2
) a*Q*B (na,ny, nr)

MARGARITA GAVRILOVA, PHENO
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Vector b diati 1
q
Wavelength A [km . . .
Lot2 velength A fkm] * Relation between binary period decay and the power
10710 y——— —T gy loss
] 2 B2127+11C o .
a 5/2~—3/2 —1 —1/2
U 2 I 11906 10749 Ty, = —6ma® G "= (myma) ™! (my + ma) ™% X P
B0 B1534+412 T
= 10718 5 "
= GW NP
4 J1¥41-6545 - +—
S 19 | PIOSS — * loss + 'PIOSS
5 10777 5 S, i
& - » e * GW quadrupole radiation formula
1020 ] J1738+033:
—— optimistic p-content 392 _ 73 37
wonlo o rm*»‘?lllll*»tlwcorlterlt PIE,;SE/ = 3G96M2a4(1 — 82) /2 (1 - ﬁeQ + %64
1072 10720 1020 101 10-18 1017

Vector boson mass my [eV]

* the resulting 2o limits are plotted
Dror, Laha, Opferkuch, arXiv:1909.12845
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Vector boson radiation ;

Navelength A\ [km]

* Relation between binary period decay and the power

1012 1010
0 = ——T7——— loss
2 AL/ ' 5/2 ~—3/2 ~1 —1/2
- 10_17‘5 o "f,"l (3073 Tb — _67‘-0’ / GN / (mlmQ) (ml - mz) / X PlOSS
S Frrrrenees ~t L0 e
&0 ] T
= 10718 LS
= Y I I = — GW NP
] / 41-6545 _ -«
3 o /) f,'f_ PIOSS — * loss + 'PIOSS
1070 e :
= e —— 348-4043: P g
3 - » el « GW quadrupole radiation formula
10-20 J1738+4033:
; —— optimistic p-content 32 73 37
T _— GW 672 4 2\—7/2 2 4
- pessimistic p-content P — _GQ M a 1 — e ]_ + —e _|_ —e
10_21 ML | LR | R | ML | o IOSS 5 ( ) 24 96
10722 1072t 10720 1079 107'® 10717
Vector boson mass my [eV] _ o
* the resulting 2o limits are plotted
Dror, Laha, Opferkuch, arXiv:1909.12845
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Dror, Laha, Opferkuch, arXiv:1909.12845

Wavelength A [km]
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B1913+16(NS) 0.323  0.9983 +0.0016 0.617 1.438  1.390 [36] 10-17 i & BRI2THIC | 4
J0737-3039(P) 0.102  1.003+0.014 0.088 1.3381 1.2489 [g] - 3 """""" A | J1906.+0746/] " o
J0437-4715(WD) 574 1.04£01 000 158 0236 [9] 0 . B15344+12
B1534412(NS) 0421 0914006 0274 13452 1333 [10] .5 10-18 - 2 s/
B1259-63(0) 1240 10405 0870 1.4 20 1] & A csas
JO348+0432(WD) 0.102  1.054+0.18 0.00 201 0172 [12] 8 o]
J1141-6545(WD)  0.198  1.04+£0.06 0.172 127 102 [13] gc- 10777 5
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J1756-2251(NS)  0.320 1.084+0.03 0181 1.341  1.230 [15] © 10-20_;
J1906+0746(NS)  0.166  1.014+0.05 0.085 1291  1.322 [i6] 3 —— optimistic p-content
B2127+4+11C(NS) 0.335 1.00+£0.03 0.681 1.358 1.354 [17] o1 i pessimistic p-content

10~ —

10722 1072' 1072 107" 107 107'7
Vector boson mass my [eV]

FIG. 5. Data used to set the constraints on gauged L, — L, using pulsar binaries. Left: the parameters for each pulsar relevant
for computing the constraints. The type of companion star is shown with the name, denoting a nonpulsating neutron star by
NS, pulsar by P, white dwarf by WD, and O as an Oe-type star. Right: constraints from individual pulsars. For the parameter
space above ¢’ = 107 %, several new effects as mentioned in Section V can become important.
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Dror, Laha, Opferkuch, arXiv:1909.12845
Wavelength A [km]
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—18 ] ! ! ] ] ]
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Binary pulsars, | A
~, 10719 4 (dipole radiatiofi) | bl
80 ] [ o
H {
E' '—_"—:—_ ____________________ (;’l“-; 4 F '-'
1) 10720 ';“J NS-NS merger } A ,fr';’
S 3 (dipole r}].riial‘r.i('nll‘)"‘ Koo
<) AN ot/
B0 000 e R e . sV )
= i R | ) 8
4 ] w7 =
O 1072t 4o RO ____ St £
3 NS-BH merger\\ =",/ ®
—— optimistic u-fraction (dipole radiation)} &
. . . £,
1 pessimisitic p-fraction b =2
10_22 LR ERELLLLL: IR DR IR IR LLEL IR IR IR, IR IR B
10—22 10—2(] 10—18 10—16 10— 14 10—12 10—1(]

Vector boson mass my [eV]

FIG. 2. Current sensitivity of NS binaries to a L,, — L, gauge coupling, ¢’, as a function of the vector mass, my. The merger
curves are projections and require a dedicated analysis to be carried out by the LIGO Collaboration. The gray hatched regions

indicate parameter space where the light vector is constrained by BII superradiance considerations [33]. See Section V for the

discussion of the boundaries of these constraints.
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