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The white dwarf luminosity function, which provides information about the cooling of such stars, has

been measured with high precision in the past few years. Simulations that include well known Standard

Model physics give a good fit to the data. This leaves little room for new physics and makes these

astrophysical objects a good laboratory for testing models beyond the Standard Model. It has already been

suggested that white dwarfs might provide some evidence for the existence of axions. In this work we

study the constraints that the white dwarf luminosity function puts on physics beyond the Standard Model

involving new light particles (fermions or bosons) that can be pair-produced in a white dwarf and then

escape to contribute to its cooling. We show, in particular, that we can severely constrain the parameter

space of models with dark forces and light hidden sectors (lighter than a few tens of keV). The bounds

we find are often more competitive than those from current lab searches and those expected from most

future searches.
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I. INTRODUCTION

White dwarfs (WDs) are simple astrophysical objects
whose cooling law is well understood. This fact makes
them a good laboratory for testing new models of particle
physics. Many such models predict the existence of light
bosons or light fermions that interact very weakly with
regular matter. If these new particles are produced in aWD,
they will typically escape and accelerate the cooling of the
star. Thus, determining the cooling law from astrophysical
observations can be translated into constraints on particle
physics beyond the Standard Model (BSM) [1].

We first give a brief review ofWD cooling. Formally, the
cooling evolution of white dwarfs can be written as

L� þ L� þ Lx

¼ �
Z MWD

0
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dT

dt
dm�
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�
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@T

�
V;X0
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þ ðls þ �gÞ dMs

dt
þ _�x; (1.1)

where L� and L� represent the photon and neutrino lumi-

nosities (energy per unit time). The first term on the rhs is
the well known contribution of the heat capacity of the star
to the total luminosity; the second one represents the con-
tribution of the change of volume. It is in general small
since only the thermal part of the electronic pressure, the

ideal part of the ions and the Coulomb terms other than the
Madelung term contribute [2]. The third term represents
the contribution of the latent heat and gravitational read-
justment of the white dwarf to the total luminosity at
freezing. Finally, Lx and _�x represent any extra energy
sink or source of energy respectively. For many applica-
tions, this equation can be easily evaluated assuming an
isothermal, almost completely degenerate core containing
the bulk of the mass, surrounded by a thin, nondegenerate
envelope.1

The evolution of white dwarfs can be tested through the
luminosity function (LF), nðlÞ, which is defined as the
number of white dwarfs of a given luminosity or bolomet-
ric magnitude2 per unit of magnitude interval and unit
volume:

nðlÞ �
Z Ms

Mi

�ðMÞ�ð�Þ�coolðl;MÞdM (1.3)

where

� � TG � tcoolðl;MÞ � tPSðMÞ: (1.4)

*dreiner@th.physik.uni-bonn.de
†jean-francois.fortin@cern.ch
‡isern@aliga.ieec.uab.es
§ubaldi@th.physik.uni-bonn.de

1The isothermal approximation is not valid when neutrinos are
dominant; however the results are still reasonably good and
provide a sensible estimate of the luminosity. The ions do not
follow the ideal gas law but the equation of state of a Coulomb
plasma—for instance, in the region of interest the specific heat
approaches the Dulong-Petit law—and crystallize at low tem-
peratures, around bolometric magnitude 12–13, depending on
the mass of the star.

2The bolometric magnitude and the luminosity are related
through

Mbol ¼ �2:5log 10ðL=L�Þ þ 4:74: (1.2)

PHYSICAL REVIEW D 88, 043517 (2013)

1550-7998=2013=88(4)=043517(11) 043517-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.88.043517


TG is the age of the Galaxy, l � � log ðL=L�Þ, M is the
mass of the parent star (for convenience all white dwarfs
are labeled with the mass of the main sequence progenitor),
tcool is the cooling time down to luminosity l, �cool ¼
dt=dMbol is the characteristic cooling time, Ms is the
maximum mass of a main sequence star able to produce
a white dwarf, and Mi is the minimum mass of the main
sequence stars able to produce a white dwarf of luminosity
l, and tPS is the lifetime of the progenitor of the white
dwarf.�ðMÞ is the initial mass function, i.e. the number of
main sequence stars of massM that are born per unit mass,
and �ðtÞ is the star formation rate, i.e. the mass per unit
time and volume converted into stars. So the product
�ðMÞ�ð�Þ is the number of main sequence stars that
were born at the right moment to produce a white dwarf
of luminosity l now. Since the total density of white dwarfs
is not well known, the computed luminosity function is
usually normalized to the bin with the smallest error bar,
traditionally the one with l ¼ 3, in order to compare theory
with observations.

The star formation rate is not known, but fortunately the
bright part of Eq. (1.3) satisfies [3]

nðlÞ / h�cooli
Z

�ðMÞ�ð�ÞdM: (1.5)

If� is a well behaved function and TG is large enough, the
lower limit of the integral is not sensitive to the luminosity,
and its value is absorbed by the normalization procedure in
such a way that the shape of the luminosity function only
depends on the averaged characteristic cooling time of
white dwarfs.

It is important to realize that white dwarfs are divided
into two broad categories, DA and non-DA. The DAwhite
dwarfs exhibit hydrogen lines in their spectra caused by the
presence of an external layer made of almost pure H. This
hydrogen layer is absent in the case of non-DAs and,
consequently, their spectra is free of the H spectral fea-
tures. The main result is that the DAs cool down more
slowly than the non-DAs [4].

The observed LF is shown in Fig. 1 for three different
data sets. Note that moving from left to right along the
horizontal axis we go from high luminosity (hot, young
WDs) to low luminosity (cold, old WDs). The Harris et al.
[5] (red) and the Krzesinski et al. [6] (blue) data are
representative of all (DAs and non-DAs) white dwarfs.
The Harris et al. LF has been constructed using the reduced
proper motion method which is accurate for coldWDs with
Mbol * 6 but not appropriate for hot WDs with Mbol & 6,
and which have been thus removed from the sample. The
Krzesinski et al. LF on the other hand has been built
employing the UV-excess technique which is accurate for
hot WDs with Mbol & 7 but inappropriate for the colder
ones. Since the data sets overlap, assuming continuity, it is
possible to construct a LF that extends from Mbol � 1:5 to
Mbol � 16, although the cool end is affected by severe

selection effects. The DeGennaro et al. [7] sample was
also obtained with the proper motion technique, which is
why the hot end is not reliable and has been removed. Since
the identification of DAs and non-DAs is not clear at low
temperatures, the corresponding points of [7] have been
removed from Fig. 1. See Isern et al. [8] for a detailed
discussion. Since ultimately only the slope of the LF is of
interest and the total density of WDs is quite uncertain, it is
usually more convenient to normalize the LF with respect
to one of its values, which is commonly chosen around
log ðL=L�Þ ¼ �3.
If the cooling were due only to photons and one

assumes that Mestel’s approximation [9] holds (i.e. ions
behave like an ideal gas and the opacity of the radiative
envelope follows Kramer’s law), then the LF would be a
straight line on this logarithmic plot, which already pro-
vides a reasonable fit to the data. Note, however, that the
data show a dip for values of Mbol around 6–7. That is
where the neutrinos enter the game: for the hotter WDs
(to the left in Fig. 1), neutrino emission becomes more
important than photon cooling. When neutrinos are
included and the cooling is simulated with a full stellar
evolution code the agreement becomes impressive (see
the continuous lines of Fig. 1). This agreement can be
used to bound the inclusion of new sources or sinks of
energy [3].

FIG. 1. Luminosity function of white dwarfs. Filled squares
(Harris et al. [5]) and crosses (Krzesinski et al. [6]) represent the
luminosity function of all white dwarfs (DA and non-DA
families). Open squares [7] represent the luminosity function
of the DA white dwarfs alone. Both distributions have been
normalized around Mbol ¼ 13; see text. The dotted line repre-
sents the luminosity function obtained assuming Mestel’s
approximation. The continuous and the dashed lines correspond
to full simulation assuming a constant star formation rate and an
age of the Galaxy of 13 Gyr for the DA family and all (DA and
non-DA) white dwarfs, respectively.
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II. COOLING MECHANISMS

In this section we review the various cooling mecha-
nisms for WDs. The aim is to provide the reader with a
simple understanding of what mechanism dominates in
what regime.

A. Photons

In WDs the thermal energy is mostly stored in the
nuclei which form, to a good approximation, a classical
Boltzmann gas. Taking into account the thermal conduc-
tance of the surface layers, one can relate the rate of energy
loss at the surface to the internal temperature. Using
Mestel’s approximation [9] one finds

�� ¼ 3:29� 10�3T7=2
7 erg g�1 s�1; (2.1)

where �� is the energy-loss rate per unit mass and T7 �
T

107 K
. This constitutes the main cooling for cold (Mbol * 7)

WDs. Realistic models indicate that �� / T�, where

� � 7=2, but varies slightly with temperature, chemical
composition and mass of the white dwarf. We show in
Fig. 2 what this energy loss as a function of the core
temperature looks like for a realistic model as opposed to
Mestel’s model.

B. Light bosons vs light fermions in white dwarfs

Additional light bosons and light fermions that interact
very weakly can also contribute to the cooling of WDs, but

their dominant production mechanisms are usually differ-
ent. First, consider the DFSZ axion [10] as an example of a
light boson. It would be mainly produced by the brems-
strahlung process eþ ðZ; AÞ ! eþ ðZ; AÞ þ a as shown
in Fig. 3(a). Raffelt gave an intuitive argument [11] to
understand how the corresponding energy emission rate
depends on the temperature. It goes as follows: the relevant
interaction term in the Lagrangian is iga �e�5e, where
g ¼ me=fPQ, with me the electron mass, fPQ � 109 GeV
the Peccei-Quinn scale, a the axion field and e the electron
field. The axion emission by an electron is analogous to the
emission of a photon but, due to the presence of the �5,
there is an extra electron spin-flip in the amplitude.
Whereas the usual photon bremsstrahlung cross section is
proportional to E�1

� , the axionic analogue is proportional to

Ea due to the extra power E2
a from the spin-flip nature of

the process. For the energy emission rate, we have to
multiply the cross section by another factor of Ea, which
makes it proportional to E2

a. We still have to do the phase
space integrals for the initial and final state electrons.
Because electrons are degenerate in WDs, these integrals
contribute a factor of T=EF each, with EF the electron
Fermi energy. Combining the factors, the emission rate is
proportional to E2

aðT=EFÞ2 / T4, given that axion energies
will be of the order of the temperature T.
Next, consider the bremsstrahlung of two fermions c , as

depicted in Fig. 3(b). The intuitive reasoning is analogous
to what we just described for axions, but the difference is
that the fermions from the electron line are produced in
pairs (angular momentum conservation) as opposed to the
single axion. This adds an extra factor of the energy (�T)
in the cross section and an extra phase space integral. As a
result, we have two more powers of T in the final emission
rate, which is therefore proportional to T6.
When the calculations are done carefully one gets the

following results for the energy-loss rates per unit mass in
the two cases [1]:

�brema ¼ 1:08� 10�3�26T
4
7

X
j

Xj

Z2
j

Aj

Fa erg g�1 s�1;

�bremc ¼ 1:34� 10�7

�
CcGc

CVGF

�
2
T6
7

X
j

Xj

Z2
j

Aj

Fc erg g�1 s�1:

(2.2)

Here, �26 � 1026 g2

4� , with g the coupling of the axion to

electrons defined above3; Gc is the dimensionful coupling

for the four-fermion interaction denoted by a red dot in
Fig. 3, to be compared to the familiar Fermi constant,

FIG. 2. Luminosity (bolometric magnitude) versus core tem-
perature for a realistic model (continuous line) and for Mestel’s
model (dashed line). The photon luminosity L� ’ ��MWD, with

MWD the WD mass, is related to Mbol via Eq. (1.2).

3For �26 of order 1, axion cooling becomes comparable to
photon cooling and one gets a better fit to the LF [12]. This fact
can be taken as tentative evidence for the existence of axions,
and it explains the choice of the power of 26 in the definition
of �26.
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GF ¼ 1:166� 10�5 GeV�2; Cc is the effective coupling

constant analogous to the effective neutral-current vector
coupling constant CV ¼ 0:964; Xj is the mass fraction of

the element j, with nuclear charge Zj and atomic mass

number Aj, and the sum runs over the species of nuclei

present in the WD. Fa and Fc are factors that take into

account the effect of screening for Coulomb scattering in
a plasma. In WDs Fa and Fc are of order 1 to a good

approximation.
It is clear from expressions (2.1) and (2.2) why the

bremsstrahlung process for the neutrinos, where CcGc ¼
CVGF, is completely irrelevant in WDs, with internal
temperature of the order of 107 K. First, the numerical
coefficient in �bremc is suppressed by 4 orders of magnitude

compared to photons (and to axions if we take �26 of
order 1). Second, it has a steeper dependence on the tem-
perature, which makes it less and less relevant as we go to
lower temperatures (see Fig. 4). Unless we have a model in
which Gc is significantly bigger than GF, this contribution

is negligible. In fact, the dominant production mechanism
of a pair of light fermions inWDs is not bremsstrahlung but
is given by the so-called plasmon process [13], which is
depicted in Fig. 3(c). That is what we describe next.

In vacuum the photon is massless and cannot decay into
a pair of massive particles, no matter how light they are.
But in a medium, as in the interior of a star, the photon
dispersion relations are modified and this allows such a
decay. What happens is that the photon also acquires a
longitudinal polarization and is promoted to the so-called
plasmon. One would be tempted to say that the photon
becomes massive, but such a statement is strictly speaking
incorrect. A better way to think about the plasmon
decay, without ever referring to the mass of the photon,
is the following: the propagation of an electromagnetic
excitation (the plasmon) in the plasma is accompanied by

an organized oscillation of the electrons, which in turn
serve as a source for emitting a pair of light particles.
Figures 3(c) and 3(d) are then understood as follows: the
grey blob represents the medium response to the electro-
magnetic excitation; we can think of the black line out-
lining the blob as a loop of electrons, with the red dot
denoting an effective interaction with the pair of light
particles, that can be either fermions or bosons. This is a
schematic description. The reader interested in more de-
tails is referred to the pedagogic treatment in Chapter 6
of Ref. [1].
The calculation of the plasmon decay [13,14] is quite

involved, due to the effects of the medium, and cannot be
performed analytically. However, a good approximation, in
the case of neutrinos as the products of the decay, was
given in Ref. [15]. The result applies to a wide range of
stellar temperatures and densities. Restricting ourselves to
WDs, we can write it as

FIG. 3 (color online). Processes for the production of new light scalars and fermions in WDs. The upper two diagrams represent
bremsstrahlung processes, while the lower two diagrams show the plasmon decay. The latter is the main production mechanism in
WDs when the new light particles are produced in pairs. The red dot in these diagrams represents an effective interaction given by a
dimension 6 operator. The grey blob in the lower two diagrams represents the effects of the stellar medium, as discussed in the text.

FIG. 4 (color online). Comparison of energy losses in WDs. In
this plot, T7 � T

107 K
, we have set �26 ¼ 0:3, CcGc ¼ CVGF,

and we have assumed a WD composed of an equal mixture of
12C and 16O. For two fermions in the final state, the plasmon
contribution dominates at high internal temperature, T7 > 5,
while the bremsstrahlung contribution is completely negligible.

DREINER et al. PHYSICAL REVIEW D 88, 043517 (2013)

043517-4



�plasmon
c ¼ 1:40� 1015

�
CcGc

CVGF

�
2
�9�6

� e��ðfT þ fLÞ erg g�1 s�1; (2.3)

where numerically, to a good approximation

� ¼ 1:69� 10�3T7; � ¼ 28

T7

; (2.4)

and

fT ¼ 2:4þ 0:6�1=2 þ 0:51�þ 1:25�3=2;

fL ¼ 8:6�2 þ 1:35�7=2

225� 17�þ �2
:

(2.5)

The plasmon decay depends in a complicated way on the
photon dispersion relation in the medium. However its
main features can be understood in an approximation
where the photons are treated as particles with an effective
mass equal to the plasma frequency,!p, which in the zero-

temperature limit is given by [1]!2
p ¼ 4��ne=EF, with �

the fine-structure constant, ne the electron density and EF

the Fermi energy of the electrons. !p is of the order of a

few tens of keV in WDs, slightly higher than the typical
WD internal temperature, which is a few keV [1]. For the
plasmon decay to happen, the decay products have to be
kinematically accessible. Thus, when we talk about new
light particles in this context we mean particles lighter
than a few tens of keV.

It is not immediately obvious how the energy loss of
Eq. (2.3) compares to the previous ones because of its
complicated form, but the differences can be easily visual-
ized in the simple plot in Fig. 4. For WDs whose internal
temperature is below 4–5� 107 K, the cooling is domi-
nated by photons, and perhaps axions. Above that tempera-
ture, the plasmon decay into two light particles becomes
the main source of energy loss. The contribution from the
bremsstrahlung of a pair of fermions is always negligible
on the plot.

It is useful to translate from temperature to Mbol. From
Eq. (2.1), multiplying by a typical WDmass,MWD, that we
take to be 0.6 solar masses, we obtain the photon luminos-
ity, L� ¼ MWD��. Plugging it into Eq. (1.2) we obtain an

expression that relates the temperature T7 to Mbol. Thus, a
temperature of 4–5� 107 K corresponds to values of Mbol

between 6 and 7, which is indeed where we see the neutrino
dip in Fig. 1. The plasmon decay into a pair of light
particles constitutes the dominant cooling mechanism for
Mbol < 6–7, the exact figures depending on the mass of the
WD and the properties of the envelope.

Note that in models where a light boson couples to the
electrons through a Yukawa coupling, the important cool-
ing mechanism is the bremsstrahlung where the boson is
produced singly, as in Fig. 3(a). Such is the case for the
DFSZ axion. In other models, instead, the light bosons
couple indirectly to the electrons through a mediator and

can only be produced in pairs, as for example when the
bosons are charged under a new symmetry. This is the case
for models with a dark sector, for instance, which we study
in Sec. IV. The dominant production for these bosons is
then no longer the bremsstrahlung, but the plasmon decay.

III. A GENERIC CONSTRAINT ON MODELS
WITH NEW LIGHT PARTICLES

This section describes a generic constraint on models
with new light particles obtained from WD cooling and
trapping. We also discuss analogous constraints from red
giants (RGs) and big bang nucleosynthesis (BBN).

A. White dwarf cooling constraint

In this section we discuss generic constraints from WD
cooling due to plasmon decay into new light particles, that
can be either fermions or bosons. The only requirement is
that they should be lighter than a few tens of keV, for the
decay to be kinematically possible. As mentioned at the
end of the previous section, such a process affects the LF
for values of Mbol below 6–7. Particle physics models in
which new plasmon decay channels are open will poten-
tially be in tension with the data, given the remarkable
agreement between standard cooling mechanisms, that
include neutrino emission, and the observed LF [8]. We
want to quantify how much the plasmon decay rate can
deviate from the standard one, considering the neutrinos as
the only decay products.
To achieve this goal, it is useful to introduce a unified

formalism reminiscent of the Fermi interactions for fermi-
ons. In order to compare with the standard plasmon decay
into neutrinos, it is necessary to describe the relevant
interaction between neutrinos � and electrons e. The
interaction is given by

L� ¼ �CVGFffiffiffi
2

p ½ ���	ð1� �5Þ��ð �e�	eÞ; (3.1)

where the contribution from the effective neutral-current
axial coupling constant CA is negligible for our purpose
and can be ignored [16]. From this Lagrangian one can
compute the plasmon decay rate into two neutrinos. The
result is [13,17]

��;s ¼ C2
VG

2
F

48�2�

Zs�
3
s

!s

; (3.2)

where � is the fine-structure constant, Zs is the plasmon
wave function renormalization, �s is the effective plasmon
mass which enters in the dispersion relation !2 � k2 ¼
�sð!; kÞ for a plasmon with frequency ! and wave vector
k, and the subscript s ¼ fT; Lg denotes the plasmon polar-
izations (transverse and longitudinal, respectively). The
explicit forms for �T and �L are involved. They can be
found, for example, in Ref. [1]. We just point out for this
discussion that �s is proportional to �, so that ��;s goes to
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zero if we turn off the electromagnetic interaction, as
expected. With the standard plasmon decay rate into neu-
trinos, Eq. (3.2), the energy-loss rate per unit mass is given
by Eq. (2.3) with CcGc ¼ CVGF, i.e.

�plasmon
� ¼ �plasmon

c jCcGc¼CVGF
; (3.3)

and the contribution to the luminosity that appears in

Eq. (1.1) is simply L� ¼ MWD�
plasmon
� .

Let us now turn to new neutrinolike cooling mechanisms
for WDs. For BSM models with new light fermions c , the
relevant interactions are given by

Lc ¼ �CcGc ð �c�	c Þð �e�	eÞ; or

Lc ¼ �CcGc ð �c�	�5c Þð �e�	eÞ
(3.4)

which are the appropriate analogs of the four-fermion
interaction. The quantitiesCc andGc have been described

above. For new light bosons 
 which must be produced in
pairs [see Fig. 3(d)], the interaction is

L
 ¼ �2C
G
ði
y@$	
Þð �e�	eÞ; (3.5)

with 
y@$	
 � 
yð@	
Þ � ð@	
yÞ
. The correspond-
ing quantities are the effective coupling constant C
 and

the dimensionful parameter G
, which is the analog of the

Fermi constant. For both interactions the plasmon decay
into two new light particles is

�x;s ¼ C2
xG

2
x

48�2�

Zs�
3
s

!s

; (3.6)

where fCx;Gxg are given by fCc ; Gc g for new light fermi-

ons or fC
;G
g for new light bosons. The extra plasmon

decay channel will lead to an extra energy-loss rate per unit
mass as in Eq. (2.3) with CcGc ¼ CxGx, i.e.

�plasmon
x ¼ �plasmon

c jCcGc¼CxGx
; (3.7)

and an extra contribution to the total luminosity given by

Lx ¼ MWD�
plasmon
x , as in Eq. (1.1). In the following the

relevant constants will be denoted simply by fCx;Gxg both
for new light fermions and bosons.

As already mentioned, in order not to upset the excellent
agreement between standard WD cooling mechanisms [8],
i.e. from photon emission and neutrino emission (relevant
only for hotter WDs), and observational data, we postulate
that plasmon decay into new light particles must not
account for more than the plasmon decay into neutrinos.
In the massless limit, both for new particles as well as
neutrinos, this constraint can be stated simply as [see
Eqs. (3.2) and (3.6)]

CxGx & CVGF: (3.8)

In other words, any new sufficiently light particles (i.e.
which are effectively massless in WDs), that can be pro-
duced through plasmon decay in WDs and can escape from

WDs, generate extra cooling. This extra cooling must be
subdominant compared to standard plasmon decay into
neutrinos. To validate this order-1 constraint, it is now
necessary to properly quantify the agreement between the
standard cooling mechanisms and observational data.
The standard cooling mechanisms relevant for WDs are

photon cooling and plasmon decay into neutrinos. Since
we are interested in constraining models which lead to
extra neutrinolike cooling, we focus here only on the
data set of DeGennaro et al. which covers bolometric
magnitudes between 5:5 & Mbol & 12:5. This range is
well understood and clearly exhibits the neutrino dip for
Mbol around 6–7 (see Fig. 5). Moreover, the data set of
DeGennaro et al. has the smallest error bars in this range
and only contains DAWDs.
We start by minimizing the �2 for the LF assuming

standard cooling mechanisms and Mestel’s approximation.
The free parameter is the WD birthrate. The best fit implies
a birthrate�1:6� 10�3 pc�3 Gyr�1, which is a reasonable
local WD formation rate [18], for �2

min ¼ 24:9. Since there
are Nexp ¼ 18 data points and Nth ¼ 1 free parameters,

this provides a decent fit with a reduced chi-square
�2
red;min ¼ �2

min =Ndof ¼ 1:47, where Ndof ¼ Nexp �
Nth ¼ 17 is the total number of degrees of freedom.
Next we determine the 90% confidence level exclusion

contours for extra cooling from plasmon decay into new
light particles, assuming the latter are massless. Since the
new plasmon decay channels are reminiscent of the stan-
dard plasmon decay into neutrinos, we take here Lx ¼
SxL�, where Sx determines the ratio of the new extra
luminosity Lx to the neutrino luminosity L�. Now we
take Sx as our only free parameter, leaving the WD

FIG. 5. Theoretical luminosity function for WDs. The curves
shown include the different contributions to Eq. (1.1) and
correspond to values of Sx ¼ 0, 0.5, 1 from top to bottom for
the Lx ¼ SxL� contribution. They are superimposed on the data
points by DeGennaro et al. [7].
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birthrate fixed to the value determined above. Thus we still
have Ndof ¼ 17. We then compute the new chi-square, �2,
including the Lx contribution. From Fig. 36.1 in Ref. [19]
we find that �2 must be such that

��2 ¼ �2 � �2
min < 24:8; (3.9)

otherwise the extra cooling is excluded at 90% confidence
level. Imposing the condition ��2 < 24:8 translates into
the constraint

Sx ¼ Lx

L�

¼
�
CxGx

CVGF

�
2
< 0:99; (3.10)

which is equivalent to the one in Eq. (3.8), obtained from a
simpler and more intuitive physical argument.

We provide in Fig. 5 three curves for the LF obtained
from realistic models. The top one includes only standard
cooling (with neutrinos), while the two lower ones include
extra neutrinolike contributions with Sx ¼ 0:5 and Sx ¼ 1
respectively.

B. White dwarf trapping constraint

One should also include the effects of trapping. Indeed,
as Gx increases the interactions between the new light
particles and ordinary matter become stronger. For very
large Gx the interactions are too strong and the mean free
path of the new light particles is too small for them to
escape the WD and thus contribute to its cooling. To make
an estimate, we compare the cross section for the scattering
of new light particles on ordinary matter, �x / C2

xG
2
x,

with the corresponding one for neutrinos, �� / C2
VG

2
F.

Neutrinos have a mean free path of �� ¼ ðn��Þ�1 ’
3000R� in WDs [4]. Requiring that the mean free path of
our light particles is bigger than a typical WD radius,
RWD ’ 0:019R� [1], and comparing �x and �� we find
the condition CxGx & 400CVGF. Combining this with
Eq. (3.8) implies that any new light particles produced in
WDs are excluded by cooling considerations if

CVGF & CxGx & 400CVGF: (3.11)

Equation (3.11) is the main result of this paper and will be
used in Sec. IV to constrain BSM models with new light
particles.

C. Comparison to constraints from red giants
and big bang nucleosynthesis

In the same line of thought, it is possible to obtain
cooling constraints from RGs. Following [1] the bound
from RGs cooling can be translated into Sx & 2, which
corresponds to CxGx & 1:41CVGF and is comparable to,
but slightly weaker than what we found in Eq. (3.8) for
WDs. Moreover, since the cores of RGs can be seen as
WDs, trapping constraints in RGs will necessary be
worse than in WD. Therefore, in this context RGs do not
constrain new light particles as well as WDs.

Such new light particles could however be very tightly
constrained by BBN. Given that we are interested in
masses below a few tens of keV, if they were in thermal
equilibrium with ordinary matter in the early Universe
until BBN, that happens at T � 1 MeV, they would con-
tribute to the number of relativistic degrees of freedom,
which is well constrained. To estimate this constraint, we
follow [20].
The reactions eþe� $ c c and ec $ ec , responsible

for keeping the light particle, c , in thermal equilibrium,
have a typical cross section �x / C2

xG
2
xT

2, which leads to
an interaction rate per particle of �x ¼ n�xjvj / C2

xG
2
xT

5,
since their number density is n / T3. Comparing to the
expansion rate H / T2=MPl, the decoupling temperature

can be estimated as Tx;dec / ðC2
xG

2
xMPlÞ�1=3, where MPl is

the Planck mass. This is completely analogous to the
calculation for the neutrinos decoupling temperature,

T�;dec / ðC2
VG

2
FMPlÞ�1=3. Thus we can write

Tx;dec ¼
�
CVGF

CxGx

�
2=3

T�;dec: (3.12)

Following [20] the effective number of neutrinos Neff is
given by

Neff ¼ 3:018

�
1þ �N�

3

�
10:73

gsðTx;decÞ
�
4=3

�
; (3.13)

where gsðTÞ is the ratio of the total entropy density to the
photon entropy density and �N� is the number of equiva-
lent neutrinos, i.e. �N� ¼ 2� 1 for a Dirac fermion or
�N� ¼ 2� 4=7 for a complex scalar. Demanding that the
number of equivalent neutrinos be smaller than 4 [21] and
taking T�;dec ¼ 3 MeV [20] leads to the constraint

CxGx & ð4:3� 10�3 or 4:1� 10�2ÞCVGF; (3.14)

which is 3 (2) orders of magnitude stronger than the WD
bound Eq. (3.8) for new light Dirac fermions (complex
scalar bosons). From this analysis it would thus seem that
BBN bounds are more competitive than WD bounds in
constraining models with new light particles. Note, how-
ever, that there are caveats that could invalidate the BBN
bounds without modifying the WD constraints. For
example, a light [�OðMeVÞ] weakly interacting massive
particle (WIMP) whose annihilations heat up the photons
but not the neutrinos would result in a lower Neff and thus
leave more room for extra relativistic degrees of freedom
[22]. In such a scenario, the bound of Eq. (3.14) would be
relaxed to the extent that the WD constraint would be more
competitive. Hence, the WD bound is robust because it is
oblivious to possible caveats that would alter BBN
considerations.

IV. THREE EXAMPLES

In this section we consider three examples of BSM
scenarios. The first two are supersymmetric extensions of
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the Standard Model (SM): in the first, the light particle is
the neutralino, while in the second, it is the axino. We show
that WDs do not put competitive bounds on these models.
The situation is different in the third example, where we
consider models with a dark sector, in which case the WD
bounds are very competitive.

A. A light neutralino

The neutralino �0 is often the lightest supersymmetric
particle in the minimal supersymmetric Standard Model. It
can be very light, even massless, and still evade all current
experimental constraints [23]. For the production of light
neutralinos in WDs, that would predominantly occur via
plasmon decay, we consider the four-fermion interaction
obtained from integrating out the selectron ~e (see Fig. 6),4

L�0
¼ �C�0

G~eð ��0�
	�5�0Þð �e�	eÞ; (4.1)

where G~e ¼ e2

4cos 2Wm2
~e

and C�0
¼ 3

4 [25], with e the electric

charge, W the weak mixing angle and m~e the selectron

mass. Since GF ¼
ffiffi
2

p
e2

8sin 2Wm2
W

where mW is the W gauge

boson mass the constraint Eq. (3.8) can be translated into
a lower bound on the selectron mass of

m~e *

� ffiffiffi
2

p
C�0

CV

�1
2
tanWmW ¼ 45 GeV; (4.2)

wheremW ¼ 80:4 GeV and sin 2W ¼ 0:23. Thus, in order
to have a significant impact on the LF one needs a selectron
lighter than the W gauge boson. The bound in Eq. (4.2)
applies to the case of a massless neutralino. Turning on a
small neutralino mass has the effect of pushing the WD
bound down to even lower selectron masses. Such light
selectrons are already excluded by LEP searches [26]. Note
that supernovae, contrary to WDs, provide a better arena to
constrain the mass of a light neutralino [25]. Nevertheless,
WD cooling bounds do not seem competitive for this
process.

B. A light axino

A light axino is in principle very interesting in this
context. It has already been argued that the inclusion of

an axion gives a better fit to the LF [12]. If supersymmetry
(SUSY) is realized in nature, the axion would be neces-
sarily accompanied by its fermionic partner, the axino,
which could also be very light (see e.g. [27]). The axino
could be pair-produced in the plasmon decay and contribute
to the high luminosity part of the LF. When combined with
the contribution of the axion one might hope to get an even
better fit. Unfortunately, as we explain in the rest of this
section, the axino interacts way too weakly so that its
contribution to the LF turns out to be completely negligible.
Recall that the coupling of axions to electrons is given

by iga �e�5e, with g ¼ me=fPQ. In SUSY there is a corre-

sponding axino-electron-selectron interaction that can be
written as ig~e �e c a, where c a denotes the axino. If we
integrate out the selectron (see Fig. 6), the resulting four-
fermion interaction between two electrons and two axinos
is scalarlike [e.g. ð �c ac aÞð �eeÞ] instead of vectorlike [e.g.
ð �c a�

	c aÞð �e�	eÞ] and thus does not even allow plasmons

to decay to pairs of axinos. Being more precise and starting
from the derivative interaction between the axion and
electrons instead, one obtains higher-dimensional opera-
tors after supersymmetrizing and integrating out the selec-
tron, i.e. four-fermion interactions between two electrons
and two axinos with extra derivatives, which are thus
temperature-suppressed compared to the usual plasmon
decay. Most importantly however, these interactions are
always at least suppressed by g2, which is incredibly tiny
for reasonable fPQ � 109–1012 GeV. Therefore, although
the constraint Eq. (3.8) cannot be applied directly here, the
universal suppression just mentioned makes a possible
production of axinos absolutely unobservable in WDs.

A. A dark sector

1. The model

As seen in the two previous examples,WD cooling might
not seem to lead to any strong bounds on new light fermions.
The situation is however much more interesting when one
considers models of BSM with massive dark photons [28].
In these models, which could be of relevance as models of
dark matter, a dark sector LD communicates with the SM,
LSM, solely through kinetic mixing LSM	D [29], i.e.

L¼LSM þLD þLSM	D; where LSM	D ¼ "Y
2
FSM
	�F

	�
D :

(4.3)

FIG. 6 (color online). Processes for the production of light neutralinos or axinos in WDs. The first diagram represents the relevant
production mechanism for plasmon decay into neutralinos or axinos through a selectron exchange. The last diagram corresponds to the
first diagram where the selectron is integrated out. The red dot is the corresponding four-fermion effective interaction.

4A very light neutralino, m�0

 1 GeV, is almost purely bino

and does not couple to the Z0 [24].
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Above the electroweak scale the kinetic mixing occurs with
strength "Y between the hypercharge gauge group Uð1ÞY ,
with the corresponding FSM

	� ¼ @	B� � @�B	, and a new

Abelian gauge group Uð1ÞD, with F
	�
D ¼ @	A�

D � @�A
	
D ,

where A
	
D is the Uð1ÞD gauge boson, i.e. the dark photon.

Below the electroweak scale the mixing involves instead
the electromagnetic gauge group, and " ¼ "Y cos W . The
dimensionless parameter ", which should be generated by
integrating out massive states charged under both SM and
dark gauge groups, is naturally small,"� 10�4–10�3. Thus,
after rotating the fields appropriately such that gauge bosons
have canonically normalized kinetic terms, the SM fields
become millicharged under the dark gauge group [30], i.e.

LSM	D ¼ �"eJSM	 A
	
D ; (4.4)

where JSM	 is the SM electromagnetic current.

Thus, in models with massive dark photons, WD plas-
mons could decay, through off-shell massive dark photons,
to light dark sector particles if they are kinematically
available. Note that both dark photon decays to bosons
and fermions result in two-particle final states. Thus such
plasmon decay through massive dark photons into light
dark sector particles is reminiscent of plasmon decay into
fermions (e.g. neutrinos) irrespective of the spin of the
light dark sector particles [see Figs. 3(c) and 3(d)].
Therefore the relevant constraints for plasmon decay in
models with massive dark photons are equivalent to the
constraint discussed in Sec. III.

We stress the fact that in the scenario we are contem-
plating, the dark Uð1ÞD gauge group is broken so that the
dark photon is massive. Instead, when Uð1ÞD is unbroken,
the corresponding gauge boson is commonly referred to as
a paraphoton. In this latter case, dark sector particles
acquire an electric millicharge, that is a tiny fractional
charge under the visible Uð1ÞEM, and the constraints are
usually shown on the plane given by " versus the mass of
the dark sector particle [31]. In our case, with the broken
dark Uð1ÞD, there are no particles with an electric frac-
tional charge. Rather, SM particles have a fractional charge
under Uð1ÞD, that is quite different.

2. Excluded parameter region

In order to determine the resulting excluded parameter
space it is necessary to integrate out the dark photon, as
shown in Fig. 7. This leads to the interaction

Lc ;
 ¼ �GDJ
	
DJ

SM
	

� �GD½Cc ð �c�	c Þ þ 2C
ði
y@$	
Þ�ð �e�	eÞ;
(4.5)

where the dark constant is GD ¼ 4�"
ffiffiffiffiffiffiffi
��D

p
m2

AD

and Cc ¼ Qc ,

C
 ¼ Q


2 . HeremAD
is the dark photon mass,�D is the dark

fine-structure constant and Qc ;
 are the dark particle

charges under the dark gauge group. Note that dark photon
decay into a pair of dark gauge bosons is generically not
kinematically accessible because the masses of the dark
photon and of the other dark gauge bosons are usually of
the same order, as, for example, the Z andW gauge bosons
in the SM.
Comparing with plasmon decay to neutrinos as

discussed in Sec. III, the constraint Eq. (3.11) leads to

1:09� 10�10

�
mAD

GeV

�
4 ¼ C2

VG
2
Fm

4
AD

16�2�
& C2

D�D"
2

&
4002C2

VG
2
Fm

4
AD

16�2�

¼ 1:09� 10�10

�
20mAD

GeV

�
4
; (4.6)

where CD ¼ Cc ;
. In Fig. 8 we show the constraint

Eq. (4.6) and regions in parameter space which have
already been explored or will be explored by future experi-
ments [32], i.e. beam dump experiments at SLAC: E137,
E141 and E774 [33]; eþe� colliding experiments: BABAR
[32,34] and KLOE [35]; and fixed-target experiments:
APEX [36], DarkLight [37], HPS [38], MAMI [39] and
VEPP-3 [40]. Figure 8 also shows excluded regions from
electron (ae) and muon (a	) anomalous magnetic moment

measurements [41].
For reasonable dark sector parameters where �D � �,

one has CD � 1 and C2
D�D � 10�3–10�2, and thus all but a

small fraction of the relevant dark sector parameter space is
excluded by WD cooling and the some of the above-
mentioned experiments become obsolete if dark photons
couple to new dark sector fermions and/or bosons which
are effectively massless in WDs, i.e. lighter than a few keV.
In other words, to be viable models of dark photons, any
model probed by the above-mentioned experiments cannot

FIG. 7 (color online). Process for the production of light dark sector particles in WDs. The first diagram represents the relevant
production mechanism for plasmon decay into light dark sector particles through a dark photon exchange. The last diagram
corresponds to the first diagram where the dark photon is integrated out. The red dot is the corresponding dimension 6 operator.
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have dark sector fermions and/or bosons lighter than a few
tens of keV due to WD cooling.

Note however that all of the experiments shown in
Fig. 8—apart from DarkLight, VEPP-3 and the anomalous
magnetic moment measurements—assume that dark pho-
tons decay predominantly back into the SM. Although this is
not possible in WDs (dark photons could only decay back
into electron-positron pairs which are not kinematically
accessible; the decay to neutrino pairs is negligible), this
assumption forbids either light dark sector particles, inwhich
case theWDconstraint presented here is irrelevant, or a large
dark fine-structure constant (relative to�"2), for which dark
photon decay rate into the invisible channel dominates.

To investigate this last possibility, we include in Fig. 8
(see dashed blue line) the WD cooling constraint for which
the dark photon decay rate into visible channels dominates
over the decay rate into invisible channels, i.e. �invisible &
�visible orC

2
D�D & �"2. It is interesting to see that, for very

weak dark fine-structure constant, the experiments which
are sensitive to invisible dark photon decays, i.e. DarkLight
and VEPP-3, are still constrained by the WD cooling even
when dark photons decay predominantly back into the SM.

Note that the constraint must be modified for a very light
dark photon (again lighter than a few tens of keV), since it

could be produced on-shell, which would result in an
enhancement of the cooling rate. The resulting constraint
would then be even tighter. For such a light dark photon
bremsstrahlung might also become important.
Finally, it would be of interest to study astrophysical

cooling constraints from more energetic objects, like
supernovae, to relax the restriction on the masses of the
dark particles produced.

V. DISCUSSION AND CONCLUSION

We studied constraints from the WD LF on BSMmodels
with new light particles. Whenever these light particles are
produced in pairs, whether they are fermions or bosons, the
dominant production mechanism in WDs is (usually) given
by the plasmon decay. Such a decay is responsible also for
the production of neutrino pairs, whose effect is well under-
stood and clearly visible through the dip at Mbol � 6–7 in
the LF curve. Adding a significant decay into new light
particles would deepen the dip, which would then be in
disagreement with the data. This constrains part of the
parameter space of these BSMmodels. More quantitatively,
one needs to compare the strength of the interaction between
the new light particles and the electrons with the interaction
between neutrinos and electrons, i.e. the Fermi constantGF,
and require that the former do not exceed the latter.
We applied this constraint to three models. We first

consider a supersymmetric model with a light neutralino
and showed that the WD constraint is not competitive with
existing collider bounds. The situation is analogous with an
axino, whose interaction is even further suppressed with
respect to the neutralino, and does not lead to any interest-
ing constraint. We then explored models with a dark sector,
for which the bounds are more relevant. That is due mainly
to the fact that the dark photon, that mediates the inter-
action between the electrons and the light dark sector
particles, can be light [�OðGeVÞ], which enhances the
plasmon decay rate. It turns out that the limits on the dark
sector parameter space from energy losses in WDs, as
shown in Fig. 8, are extremely competitive and render
some experiments obsolete if the dark photon couples to
light [�Oð10 keVÞ] dark sector particles. Said differently,
the dark photon models which are probed by these experi-
ments cannot have light dark sector fermions and/or
bosons, due to WD cooling.
Such dark sector particles could contribute to the rela-

tivistic degrees of freedom, Neff , in the early Universe and
alter BBN predictions. BBN bounds can indeed be stronger
than those from WD cooling. However, they are subject to
caveats and are not as robust.
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