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Introduction: Dark Matter



The existence of dark matter has been established by various

cosmological observations.
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Nevertheless, the Standard Model of

particle physics cannot explain DM.
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Evidence for dark matter (DM)



Properties of Dark Matter
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high-mass isotopes. These formulas reproduced our mea-
sured stripping yields reasonably well.
The rate for negative ion production can be written as

N (m)= Y(m)S (m), where Y(m) is the sputtering
yield and S (rn) is the negative-ion formation probabili-
ty. For the sputtering yield, we use the empirical formula
of Matsunami et 01., which indicates a relative loss of
about an order of magnitude at mass 10000. For S (m),
we use the theory of Norskov and Lundquist, ' which
agrees well with experimental observations of Yu and
Vasile. In this model, S (m) ~exp( —P&m); for P, we
use the value that was determined for ' 0 in Ref. 31.
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Abundance Limits for X Particles
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where m& and mi, are the light and heavy masses. ' This
relation was used to estimate the maximum chemical
fractionation of anomalous-mass isotopes in nature by
fixing the proportionality constant to match the mea-
sured values for known isotopes. Estimates of these
effects for heavy isotopes for several elements are given in
Table III. Fractionation effects for hydrogen are the

We find no evidence for anomalous isotopes of terres-
trial H, Li, Be, B, C, 0, and F in the mass range from 100
to 10000 amu. We establish concentration limits as list-
ed in Table II, and shown in Fig. 7. For the case of heavy
hydrogen, we only show the results for the seawater sam-
ple and the heavy-water sample that was enriched by a
factor of 10 . No candidates were found in any of the
other water samples; the concentration limits derived
from them are similar to those presented degraded by the
relative enhancement factors. Except for the lower mass
range of hydrogen, these limits are the most sensitive re-
ported to date. In the case of hydrogen, our results set
the most stringent concentration limits for masses in the
range 1200 to 10000 amu.
The concentration limits are well below the theoretical-

ly expected level of 10 ' to 10 ' heavy particles per nu-
cleon. Geochemical processes are not expected to
dramatically change the concentration of heavy isotopes
in matter. For example, in Bigeleisen's model, ' the ratio
of maximum fractionation effects for different mass iso-
topes, a, has a mass dependence given by
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FIG. 7. Measured concentration limits for Xparticles in vari-
ous elements. Previous results are shown with dashed lines with
the corresponding reference number indicated in parentheses.
The present results for X particles are shown with solid lines,
and for X+ particles as dotted-dashed lines. For hydrogen, only
the results for the seawater sample and the sample that was en-
riched by a factor of 10 are shown.

most severe, the concentration of heavy-mass isotopes be-
ing suppressed by about a factor of 100; for carbon, it is
less than 10. Smith and Bennett have considered the
effects of oceanic settling of heavy-mass isotopes. They
find an equilibrium time constant of &10 years, much
longer than the mixing rate for the oceans, which is of or-
der 10 years. Thus, heavy isotopes in ocean water would
remain homogenized.
The difference between our observed concentration

limits for hydrogen and the predicted concentrations for
X+ particles are many more orders of magnitude lower
than can be explained by fractionation processes. Thus
we conclude that stable X+ particles of the type dis-
cussed in Refs. 7 and 8 do not exist in the mass range
from 100 to 10000 amu. The case for a negatively
charged X particle, which might preferentially attach
to some particular nucleus, is somewhat more ambiguous.
Nevertheless, our limits, covering a variety of nuclear
species, are well below predicted levels (by a factor of 10s
in the case of carbon). Thus, a stable X particle in the
same mass range must be considered to be extremely un-

TABLE II. Abundance limits (at the 2o level) for heavy isotopes established by this experiment. In the case of H, C, and 0, sam-
ple enrichment techniques were used.

Mass (amu)

100
500
1000
5000
10000

H

2X10 '4

9X 10
3x10-"
2x10-"
3X10

Li

2x10-"
3x 10-"
6x 10-"
9x 10-"
7x 10-"

Be

4x10-"
2X 10
1x10-"
1x10-'
7 x10-'

4x10-"
1x10-"
6x 10-"
1x10-"
Sx10-"

4x10-"
2x10-"
Sx10 "
3x10-"
2 x10-"

0
4x 10-"
6x10-"
4x 10-"
4x 10-"
3x10-'4

F
7x10 "
5X10
4x10 "
3x10-"
2x10-"

T. K. Hemmick, et. al., Phys. Rev. D41, 2074 (1990).

Stable
(or has a lifetime much longer than the age of the Universe)

Cold or warm

Needs to match the observed density

Electrically neutral and colorless.

Constrained by the searches

of anomalously heavy isotopes.



WIMP
Weakly-Interacting Massive Particles (WIMPs)

Electrically neutral and colorless particles.

Stable.

Masses of O(100—1000) GeV.

Have interactions comparable to EW interactions.

Observed Dark Matter (DM) density

can be explained by their thermal relic.



Thermal relic scenario (cold DM)
WIMPs were in thermal equilibrium with the SM particles

in the early Universe.

Cold DM

For T ≲ mDM

DM number rapidly decreases.

Annihilation rate also rapidly decreases!

Annihilation precess freezes out when 

Hubble expansion rateAnnihilation rate



non-relativistic after decoupling, its relic density is determined by its equilibrium number
density as ρν = mν3ζ(3)T 3

ν /2π2. Here Tν = (3/11)1/3Tγ , where Tγ = 2.725 ± 0.002K is the
cosmic microwave background temperature. (We use natural units, c = ! = 1.)

A neutrino heavier than ∼ 1 MeV decouples while non-relativistic. Its relic density is
determined by its annihilation cross section, as for a general WIMP (see Eq. (27)). The
shape of the relic density curve in Figure 3 is a reflection of the behavior of the annihilation
cross section. The latter is dominated by the Z-boson resonance at mν ≃ mZ/2. This
resonant annihilation gives the characteristic V shape to the relic density curve. Above
mν ∼ 100 GeV, new annihilation channels open up, namely the annihilation of two neutrinos
into two Z- or W-bosons. The new channels increase the annihilation cross section and thus
lower the neutrino relic density. Soon, however, the perturbative expansion of the cross
section in powers of the (Yukawa) coupling constant becomes untrustworthy (the question
mark in Figure 3). An alternative unitarity argument limits the Dirac neutrino relic density
to the dashed curve on the right in the Figure. Neutrinos heavier than 10 TeV ‘overclose’
the universe, i.e. have a relic density that corresponds to a universe which is too young.

The ‘dark matter’ band in Figure 3 indicates where the neutrino is a good dark matter
candidate (the band is actually quite generous in light of the most recent measurements of
Ωh2). A thermal Dirac neutrino is a good dark matter candidate when its mass is around
few eV, a few GeV or possibly a TeV. For masses smaller than about an eV and between
∼10 GeV and ∼100 GeV, it is an underabundant relic from the Big Bang, too dilute to
be a major component of the dark matter but nevertheless a cosmological relic. For other
masses, it is cosmologically excluded.

Dark matter neutrinos with a mass around 1 eV would be relativistic at the time of
galaxy formation (∼ keV), and would thus be part of hot dark matter. From the bounds
on hot dark matter in the preceding Section, however, they cannot be a major component
of the dark matter in the Universe.

Figure 2: Evolution of a typical
WIMP number density in the early
universe. The number of WIMPs in
a volume expanding with the uni-
verse (comoving density) first de-
creases exponentially due the Boltz-
mann factor e−m/T and then ‘freezes
out’ to a constant value when the
WIMP annihilation reactions cannot
maintain chemical equilibrium be-
tween WIMPs and standard model
particles. In the figure, ⟨σv⟩ is
the thermally averaged annihilation
cross section times relative veloc-
ity. WIMPs with larger annihilation
cross section end up with smaller
densities.

8

P. Gondolo, astro-ph/0403064

DM thermal relic abundance

<latexit sha1_base64="L92To7hEvMru86UljBW9Fy14jts="></latexit>

Thermal relic scenario (cold DM)



TeV-scale physics and WIMP
Let us discuss the implications of

Annihilation cross section is approximately given by

The above value is then obtained for

Weak coupling Weak scale



Quantum numbers of DM
DM should be electrically neutral and colorless.

Spin?
•Real/complex scalar

•Majorana/Dirac fermion

•Vector etc.

 charge?SU(2)L ⊗ U(1)Y

There still remain many possibilities.

Q = T3 + Y

(1,0), (2, ± 1/2), (3,0), (3, ± 1), (4, ± 1/2), …



Singlet scalar DM

Lagrangian

(mDM > weak scale)

V. Silveira and A. Zee (1985); 
J. McDonald (1994);

C. P. Burgess, M. Pospelov, and T. ter Veldhuis (2001). 

explains the observed DM density.mDM ' 3.3�SH TeV
<latexit sha1_base64="dXMVrZwpnyuXdYQgdaF7fgST9Js=">AAACFXicbVDLSgMxFL1T3/VVdekmWAQXUmZU0J0FXbgRFG0VOmXIpLcamsyMSUYow/gRbvwVNy4UcSu4c+enmE5d+DoQOJxzbpJ7wkRwbVz33SmNjI6NT0xOladnZufmKwuLTR2nimGDxSJW5yHVKHiEDcONwPNEIZWhwLOwtzfwz65RaR5Hp6afYFvSi4h3OaPGSkFlXQaZryTZP8yJr7nEK7JZ2/SFvaFDg+zkICc3ReAUm3lQqbo1twD5S7wvUt39gAJHQeXN78QslRgZJqjWLc9NTDujynAmMC/7qcaEsh69wJalEZWo21mxVU5WrdIh3VjZExlSqN8nMiq17svQJiU1l/q3NxD/81qp6e60Mx4lqcGIDR/qpoKYmAwqIh2ukBnRt4Qyxe1fCbukijJjiyzbErzfK/8lzY2a59a8461qvT5sAyZhGVZgDTzYhjocwBE0gMEt3MMjPDl3zoPz7LwMoyXna2YJfsB5/QR9F58u</latexit><latexit sha1_base64="dXMVrZwpnyuXdYQgdaF7fgST9Js=">AAACFXicbVDLSgMxFL1T3/VVdekmWAQXUmZU0J0FXbgRFG0VOmXIpLcamsyMSUYow/gRbvwVNy4UcSu4c+enmE5d+DoQOJxzbpJ7wkRwbVz33SmNjI6NT0xOladnZufmKwuLTR2nimGDxSJW5yHVKHiEDcONwPNEIZWhwLOwtzfwz65RaR5Hp6afYFvSi4h3OaPGSkFlXQaZryTZP8yJr7nEK7JZ2/SFvaFDg+zkICc3ReAUm3lQqbo1twD5S7wvUt39gAJHQeXN78QslRgZJqjWLc9NTDujynAmMC/7qcaEsh69wJalEZWo21mxVU5WrdIh3VjZExlSqN8nMiq17svQJiU1l/q3NxD/81qp6e60Mx4lqcGIDR/qpoKYmAwqIh2ukBnRt4Qyxe1fCbukijJjiyzbErzfK/8lzY2a59a8461qvT5sAyZhGVZgDTzYhjocwBE0gMEt3MMjPDl3zoPz7LwMoyXna2YJfsB5/QR9F58u</latexit><latexit sha1_base64="dXMVrZwpnyuXdYQgdaF7fgST9Js=">AAACFXicbVDLSgMxFL1T3/VVdekmWAQXUmZU0J0FXbgRFG0VOmXIpLcamsyMSUYow/gRbvwVNy4UcSu4c+enmE5d+DoQOJxzbpJ7wkRwbVz33SmNjI6NT0xOladnZufmKwuLTR2nimGDxSJW5yHVKHiEDcONwPNEIZWhwLOwtzfwz65RaR5Hp6afYFvSi4h3OaPGSkFlXQaZryTZP8yJr7nEK7JZ2/SFvaFDg+zkICc3ReAUm3lQqbo1twD5S7wvUt39gAJHQeXN78QslRgZJqjWLc9NTDujynAmMC/7qcaEsh69wJalEZWo21mxVU5WrdIh3VjZExlSqN8nMiq17svQJiU1l/q3NxD/81qp6e60Mx4lqcGIDR/qpoKYmAwqIh2ukBnRt4Qyxe1fCbukijJjiyzbErzfK/8lzY2a59a8461qvT5sAyZhGVZgDTzYhjocwBE0gMEt3MMjPDl3zoPz7LwMoyXna2YJfsB5/QR9F58u</latexit><latexit sha1_base64="WFE9VmQpM95X2y7myJOy9KIhLsI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDJjBV0WdNGNULEv6JQhk962ocnMmGSEMowf4cZfceNCEbeCO//G9LHQ1gOBwznnJrnHjzhT2ra/rczS8srqWnY9t7G5tb2T391rqDCWFOo05KFs+UQBZwHUNdMcWpEEInwOTX94Ofab9yAVC4OaHkXQEaQfsB6jRBvJy58IL3GlwFfXKXYVE3CHS8WSy80NXeIlt5UUP0wCNWikXr5gF+0J8CJxZqSAZqh6+S+3G9JYQKApJ0q1HTvSnYRIzSiHNOfGCiJCh6QPbUMDIkB1kslWKT4yShf3QmlOoPFE/T2REKHUSPgmKYgeqHlvLP7ntWPdu+gkLIhiDQGdPtSLOdYhHleEu0wC1XxkCKGSmb9iOiCSUG2KzJkSnPmVF0njtOjYRefmrFAuz+rIogN0iI6Rg85RGVVQFdURRY/oGb2iN+vJerHerY9pNGPNZvbRH1ifP/e1ng8=</latexit>

Lagrangian has a Z2 symmetry: S → — S (odd); SM (even).

Just add a neutral scalar field to the Standard Model.
Very simple (toy) model

Stability

Annihilation cross section



Interactions

The neutral component of  -tuplet, hypercharge  is 
regarded as a DM candidate.

SU(2)L n Y

Examples:

is actually within the uncertainties of the calculation, for the wino mass larger than
270 GeV. Both the scalar and twist-2 contributions depend on the DM mass when the
mass is smaller than ⇠ 1 TeV as shown in Figs. 3 and 5. However, the dependence in the
cross section is accidentally canceled. The NLO result is found to be larger than the LO
result by almost 70%. After all, the resultant scattering cross section is well above that of
the neutrino background [32], and therefore the future direct detection experiments are
promising to test the wino DM scenario.

4 Electroweakly-interacting DM

Although we have focused on the wino DM in this paper, a similar formalism may be
constructed for a more general class of the DM candidates; i.e., an SU(2)L multiplet with
hypercharge Y that contains a neutral component for DM, and their thermal relic may
explain the observed DM density with O(1) TeV masses. For previous works on such
DM candidates, see Refs. [55–62]. Some theories beyond the Standard Model actually
predict this kind of DM. For example, the higgsino and wino in the SUSY models are
representative of the SU(2)L multiplet DM. Moreover, such a particle may show up in
grand unified theories [63–65], whose stability is explained by a remnant discrete symmetry
of extra U(1) symmetries in the theories [66–70].

Before concluding our discussion, we give the results of the NLO calculation for this
class of DM candidates. If the DM particle is a fermion, its interactions with quarks and
gluon are completely determined by the electroweak gauge interactions,#8 so we consider
the fermionic DM candidates in the following discussion. If Y 6= 0, the DM is a Dirac
fermion, while a Majorana fermion if Y = 0. Pure Dirac fermion DM is, however, severely
constrained by the direct detection experiments already, since the vector interactions via
the Z boson exchange yield too large scattering cross section with nucleon. The constraint
may be evaded if there are some new physics e↵ects that give rise to the mass di↵erence
between the neutral components to split them into two Majorana fermions. If the mass
di↵erence is larger than O(100) keV, the scatterings with nucleon are not induced by
the tree-level Z boson exchange. In what follows, we assume the presence of the mass
di↵erence and regard the lighter neutral component �0 as a DM candidate. The mass
di↵erence is assumed to be small enough to be neglected in the following calculation. In
this case, the interactions including the neutral components are given by

Lint =
g2
4

p
n2 � (2Y � 1)2 �+ /W+�0 +

g2
4

p
n2 � (2Y + 1)2 �0 /W+�� + h.c.

+ igZY �0 /Z⌘0 . (4.56)

Here n is the number of the components in the DM SU(2)L multiplet, gZ ⌘
p

g2Y + g22 with
gY the U(1)Y gauge coupling constant, and ⌘0 and Zµ for the heavier neutral component
and the Z boson, respectively.

#8In the case of the scalar DM, on the other hand, there always exist quartic couplings to the Higgs
boson, and the couplings also induce the interactions of the DM with quarks and gluon.

22

Electroweak-Interacting DM

The DM phenomenology is (almost) completely determined by

the gauge interactions.

For scalar DM cases, the DM-Higgs

couplings also exist.

Higgsino (n = 2, Y = 1/2)
Wino (n = 3, Y = 0)
Minimal DM (n = 5, Y = 0)



Quantum numbers DM could DM mass mDM± �mDM Finite naturalness �SI in
SU(2)L U(1)Y Spin decay into in TeV in MeV bound in TeV 10�46 cm2

2 1/2 0 EL 0.54 350 0.4⇥
p
� (0.4± 0.6) 10�3

2 1/2 1/2 EH 1.1 341 1.9⇥
p
� (0.25± 056) 10�3

3 0 0 HH
⇤ 2.0 ! 2.5 166 0.22⇥

p
� 0.12± 0.03

3 0 1/2 LH 2.4 ! 2.7 166 1.0⇥
p
� 0.12± 0.03

3 1 0 HH,LL 1.6 ! ? 540 0.22⇥
p
� (1.3± 1.1) 10�2

3 1 1/2 LH 1.9 ! ? 526 1.0⇥
p
� (1.3± 1.1) 10�2

4 1/2 0 HHH
⇤ 2.4 ! ? 353 0.14⇥

p
� 0.27± 0.08

4 1/2 1/2 (LHH
⇤) 2.4 ! ? 347 0.6⇥

p
� 0.27± 0.08

4 3/2 0 HHH 2.9 ! ? 729 0.14⇥
p
� 0.15± 0.07

4 3/2 1/2 (LHH) 2.6 ! ? 712 0.6⇥
p
� 0.15± 0.07

5 0 0 (HHH
⇤
H

⇤) 5.0 ! 9.4 166 0.10⇥
p
� 1.0± 0.2

5 0 1/2 stable 4.4 ! 10 166 0.4⇥
p
� 1.0± 0.2

7 0 0 stable 8 ! 25 166 0.06⇥
p
� 4± 1

Table 1: Minimal Dark Matter. The first columns define the quantum numbers of the possible

DM weak multiplets. Next we show the possible decay channels which need to be forbidden; the

DM mass predicted from thermal abundance (the arrows indicate the effect of taking into ac-

count non-perturbative Sommerfeld corrections, which have not been computed in all cases); the

predicted splitting between the charged and the neutral components of the DM weak multiplet;

the bound from finite naturalness and the prediction for the Spin-Independent direct detection

cross section on protons �SI.

• For a generic fermionic multiplet with hypercharge Y and dimension n under SU(2)L
we find

�m
2 =

cnM
2

(4⇡)4

✓
n
2 � 1

4
g
4
2 + Y

2
g
4
Y

◆✓
6 ln

M
2

µ̄2
� 1

◆
(21)

where c = 1 for Majorana fermions (Y = 0 and odd n) and c = 2 for Dirac fermions
(Y 6= 0 and/or even n). For n = 3 and Y = 0 we recover the type-III see-saw result of
eq. (12).

• For a scalar multiplet we find

�m
2 = � nM

2

(4⇡)4

✓
n
2 � 1

4
g
4
2 + Y

2
g
4
Y

◆✓
3

2
ln2 M

2

µ̄2
+ 2 ln

M
2

µ̄2
+

7

2

◆
. (22)

For n = 3 and Y = 0 we recover the type-II see-saw result of eq. (17).

We then show in table 1 the finite naturalness upper bounds on M for the various possible
MDM multiplets. Furthermore, table 1 shows the predictions for the DM mass M suggested
by the hypothesis that DM is a thermal relic with cosmological abundance

⌦DMh
2 = 0.1187± 0.0017 [27]. (23)

(Such results differ from the analogous table of [24] because M has been recomputed taking
into account Sommerfeld effects [28], which lead to the change indicated by the arrows in

8

M. Farina, D. Pappadopulo, A. Strumia, JHEP 1308 (2013) 022.
(→: Sommerfeld enhancement)

Features

Small mass difference among the multiplet components.

Relatively heavy mass gives correct DM abundance.

Electroweak-Interacting DM



Vector DM
The first Kaluza-Klein photon DM in the minimal universal extra

dimension model.
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Figure 3: Contour plot of Ωh2 = 0.11 in the R−1 − mh plane for ΛR = 20 (left) and
ΛR = 50 (right). The shaded region correspond to the 3σ WMAP range, 0.0952 < Ωh2 <
0.1288, in the case where level 2 KK-particles in the final state are included (dark) or
neglected (light grey). All coannihilation channels are taken into account. In the region
above the full contour the LKP is the charged Higgs.

We observe, see Fig. 4 for the case of the singlet leptons, that the value of Ωh2 increases
with a smaller mass splitting. This might seem in contradiction with the discussion above
since we had argued that the lepton coannihilation had the effect of decreasing Ωh2, as
seen from Fig.2, a0 and c0. The main effect of a smaller mass splitting is to reduce the
contribution of the channel σ(e1Rγ

1 → eγ2), indeed the e2R resonance moves very near
the threshold for the reaction and so does not contribute significantly to the thermally
averaged cross section. This effect is more significant than the increase in the Boltzmann
factor which can be at most 15% since in MUED for lepton singlets, BeR = 0.86 for
R−1 = 1.3 TeV. In a sense the relic density is moving towards the value it would have
if we had neglected the production of γ2 in the final state. Conversely an increase in
the mass splitting leads to a mild decrease in Ωh2, here the Boltzmann suppression of the
coannihilation channels is more than compensate by the decrease in the number of degrees
of freedom. Note however that the relic abundance is insensitive to the mass splitting if
it is more than 3%.

We have also examined the effect of the mass splitting with the partners of the left-
handed leptons. The effect follows the same trend although the influence on Ωh2 occurs
for splittings below 5%. The maximum increase in Ωh2 is comparable to the one obtained
for singlet leptons, see the left frame of Fig. 4. Decreasing the mass of KK quarks on
the other hand has the opposite effect as for leptons. A smaller mass splitting leads to
a lower value for Ωh2, this is because in this case the factor Bi changes significantly and
QCD processes of the type q1q1 → qq give a large contribution. To illustrate this we
consider the case where we shift the mass of the KK singlet d-type quarks, see the right
frame of Fig. 4. Finally we have also considered the implication of mass shifts for the
Higgs. The KK-Higgs masses are modified either by increasing the light Higgs mass or by
introducing a mass shift via the parameter Zφ. In both cases this can lead to an increase
of Ωh2 around 10% when the mass difference is a few per-mil.

In summary keeping the mass splitting as a free parameter allows to find scenarios

12

G. Belanger, M. Kakizaki, A. Pukhov, JCAP 02, 009 (2011). J. M. Cornell, S. Profumo, W. Shepherd, Phys. Rev. D89, 056005 (2014).

The model is fully specified by only two parameters:
: compactification scale, : cut-off scaleR−1 Λ

DM mass is predicted to be 1.2 TeV ≲ MDM ≲ 1.4 TeV



DM search on the earth



DM Direct Detection experiments

WIMP DM

Nucleus

Recoil energy O(10) keV

DM is flying around us.

If DM interacts with SM particles, this may scatter of 
matter on the earth.

We may directly discover DM by detecting the recoil energy.

∼ mtargetv2
DM



SI vs SD
In the non-relativistic limit, we can classify the DM-nucleon 

interactions into two categories:

Spin-dependent interactions

Spin-independent interactions

ex.) Majorana fermion DM

ℒSD = aN χ̄γμγ5χN̄γμγ5N

ℒSI = fN χ̄χN̄N



The DM-nucleus scattering cross section is given by

: DM mass; : nucleus mass; : atomic number; : mass number

: total spin of nucleus; : expectation value of nucleon spin.

M MT Z A
J ⟨sN⟩

<latexit sha1_base64="HkTJy4jepCkp5zggMe13Z4Jle/Y="></latexit>
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✓
MMT

M +MT

◆2
|Zfp + (A� Z)fn|2 + 4

J + 1

J
|aphspi+ anhsni|2

�

For a large nucleus, this term dominates the second term.

The SI scattering occurs coherently over the target nucleus.

(momentum transfer) × (nucleus size ) ≪ 1

The limits on the SI interactions are much stronger than those 

on the SD interaction.

SI vs SD



DM Direct Detection experiments

LZ Collaboration, Phys. Rev. Lett. 131, 041002 (2023). APPEC Committee Report, arXiv:2104.07634.

DM direct detection experiments have imposed severe limits.

Improved by orders of magnitude in future experiments.



Singlet scalar DM
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Cross section is predicted as a function of DM mass.

DM mass is limited up to a few TeV.
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J. Hisano, K. Ishiwata, N. Nagata, JHEP 1506, 097 (2015).

Electroweak interacting DM

χ̃0
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W, Z W, Z
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Triplet (pure wino), Minimal DM can be tested.

Doublet (pure higgsino) is hard to probe.

Diagrams



Caveat

Ask Hiroshima-san about this!

For EW-interacting DM, indirect searches may be more promising.



Minimal UED

J. M. Cornell, S. Profumo, W. Shepherd, Phys. Rev. D89, 056005 (2014).

1l + jets + MET

M. M. Flores, J. S. Kim, K. Rolbiecki, R. R. d. Bazan, Int. J. Mod. Phys. A 38, 2350002 (2023).

This scenario has been excluded

by the LHC Run-2 experiments!



DM heating in neutron stars



WIMP dark matter heating in NS
It has been discussed that the signature of WIMP DM may

be detected via the neutron star temperature observations.

WIMP annihilation and cooling of neutron stars

Chris Kouvaris*
CERN Theory Division, CH-1211 Geneva 23, Switzerland,

University of Southern Denmark, Campusvej 55, DK-5230 Odense, Denmark
and The Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen, Denmark

(Received 27 August 2007; published 28 January 2008)

We study the effect of WIMP annihilation on the temperature of a neutron star. We shall argue that the
released energy due to WIMP annihilation inside the neutron stars might affect the temperature of stars
older than 10! 106 years, flattening out the temperature at "104 K for a typical neutron star.

DOI: 10.1103/PhysRevD.77.023006 PACS numbers: 97.60.Jd

I. INTRODUCTION

Since Zwicky proposed the problem of the ‘‘missing
mass’’ in 1933, a lot of theoretical and experimental effort
has been made in order to unveil the nature of dark matter.
Today, WMAP has provided very accurate data regarding
the matter density in the Universe [1]. The energy density
of the Universe is composed of 4% atoms and roughly 22%
dark matter. Data from recent observations indicate that
dark matter cannot be attributed more than 20% to dim
objects like black holes, brown dwarfs, and giant planets
[2]. From a theoretical point of view, several candidates
rise from different theories, such as neutralinos [3,4],
Majorana neutrinos, and, lately, technibaryons provided
by theories that are not ruled out by the electroweak
precision measurements [5–10]. From the experimental
point of view, the focus is on the direct and indirect
detection of dark matter particles. The direct detection
might occur in underground experiments like CDMS
that, in principle, can detect recoil energies from collisions
between weakly interacting massive particles (WIMPs)
and nuclei, or atmospheric experiments like the X-ray
Quantum Calorimeter (XQC), where strongly interacting
particles might collide with the detector. The indirect
detection might occur via gamma-ray and neutrino tele-
scopes, where the presence of WIMPs can be detected
indirectly, by observing products of WIMP annihilations.
In particular, provided that WIMPs can annihilate and
because they can be trapped inside the Earth or the sun,
such annihilations would produce jets of particles and
more specifically neutrinos coming straight from the center
of the Earth or the sun, that could possibly be detected by
neutrino telescopes [11–13]. On the other hand, gamma-
ray telescopes can, in principle, detect gamma rays pro-
duced by WIMP annihilation at the center of the Galaxy
[14]. Both direct and indirect detection experiments can
impose strong constraints on the cross section of the WIMP
with the nuclei. For instance, heavy Dirac neutrinos have
been excluded as WIMPs for masses up to several TeV,
because their elastic cross section with nuclei is suffi-

ciently large and therefore they should have been detected
by now in CDMS [15].

In this paper we investigate the possibility of a different
kind of indirect signature of WIMP annihilation. Instead of
looking at the indirect signals from the annihilation of
trapped WIMPs inside the Earth or the sun, we examine
the consequences of WIMP annihilation on the tempera-
ture of neutron stars. The neutron stars are massive com-
pact objects with very low temperatures. Naively one
might expect that, since the mass of the trapped WIMPs
inside a neutron star represents a tiny fraction of the overall
mass of the star, such an effect should be negligible.
However, the annihilation of massive particles inside the
star releases a huge amount of energy that is heating up the
star. As we shall argue, once the accretion rate of dark
matter particles equilibrates the rate of annihilation, the
amount of released energy is independent of the star’s
temperature, and therefore at late times the WIMP annihi-
lation can keep the star at a constant temperature that
depends on the mass and the radius of the star, the cross
section of annihilation, and the local dark matter density of
the star.

The paper is organized as follows: First we calculate the
rate of dark matter accretion onto the neutron star includ-
ing general relativity corrections. Then we calculate the
annihilation rate for the WIMPs, and we calculate the
effect of the WIMP annihilation on the cooling curves of
a typical neutron star made of regular nuclear matter. We
present our conclusions in the last section.

II. WIMP’S ACCRETION RATE ONTO THE
NEUTRON STAR

The accretion of dark matter particles inside the Earth
and the sun is not a new subject. Press and Spergel studied
first in [11] the capture rate of WIMPs inside the Earth and
the sun. More elaborate calculations were also done by
Gould [12,13], taking into account several effects specifi-
cally for the case of the Earth and the sun. An estimate of
the accretion rate onto a neutron star was also provided by
Goldman and Nussinov [16], who were the first to study
effects of WIMPs on neutron stars. In this section we
calculate the accretion rate of WIMPs onto a typical neu-*kouvaris@nbi.dk
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Neutron stars as dark matter probes

Arnaud de Lavallaz* and Malcolm Fairbairn†

Physics, King’s College London, Strand, London WC2R 2LS, United Kingdom
(Received 6 April 2010; published 18 June 2010)

We examine whether the accretion of dark matter onto neutron stars could ever have any visible external

effects. Captured dark matter which subsequently annihilates will heat the neutron stars, although it seems

the effect will be too small to heat close neutron stars at an observable rate while those at the galactic

center are obscured by dust. Nonannihilating dark matter would accumulate at the center of the neutron

star. In a very dense region of dark matter such as that which may be found at the center of the galaxy, a

neutron star might accrete enough to cause it to collapse within a period of time less than the age of the

Universe. We calculate what value of the stable dark matter-nucleon cross section would cause this to

occur for a large range of masses.

DOI: 10.1103/PhysRevD.81.123521 PACS numbers: 95.35.+d

I. INTRODUCTION

Observations of the kinematics of self gravitating ob-
jects such as galaxies and clusters of galaxies consistently
send us the same message—if we are to believe in
Einstein’s theory of gravity on these scales, then there
appears to be an invisible quantity of dark matter in each
of these objects which weighs more than the matter we can
observe. Cosmological observations add weight to this
hypothesis and tells us that this invisible matter cannot
consist of baryons, rather it must be a new kind of matter
which interacts with the rest of the standard model rather
feebly—dark matter [1].

The exact coupling and mass of this dark matter is not
known but has been constrained. One hypothesis is that the
dark matter annihilates with itself and interacts with the
rest of the standard model via the weak interaction. This
weakly interacting massive particle (WIMP) scenario has
gained favor because such particles would fall out of
equilibrium with the rest of the plasma at such a tempera-
ture that their relic abundance today would be approxi-
mately correct to explain the astronomical observations.

Such a scenario also predicts a direct detection signal
due to the recoil of atoms which are hit by dark matter
particles, recoils which are being searched for at several
purpose built experiments (e.g. [2–4]). We also expect to
see signals from the self-annihilation of WIMP dark matter
in regions of the galaxy where the density is large, although
there are many uncertainties with regards to the magnitude
of this signal. Neither of these signals has yet been detected
although international efforts to find such signals are in-
tensifying to coincide with the opening of the LHC which
also may create WIMP dark matter particles.

Since we only understand the thermal history of the
Universe back to the start of nucleosynthesis, we cannot
say with any surety whether or not the WIMP scenario

makes sense. Furthermore there are many other scenarios
of dark matter which involve much more massive particles
or particles which cannot annihilate with themselves [5,6].
There is roughly 5–7 times the amount of dark matter in the
Universe by mass relative to baryonic matter. This ratio is
rather close to 1, a mystery which is only solved within the
WIMP framework by a happy coincidence. The closeness
of these numbers has led some researchers to suggest that,
like baryons, dark matter also possesses a conserved charge
and there is an asymmetry in this charge in the Universe. If
the two asymmetries are related then one would require the
dark matter mass to be approximately 5–7 times the mass
of a nucleon. This intriguing possibility would be consis-
tent with the controversial DAMA experiment [7] and the
slight hint of anomalous noise in the cogent experiment
[8]. Such a dark matter candidate could also have interest-
ing implications for solar physics [9].
Since any constraints on the nature of the mass and cross

section of dark matter particles are interesting, in this paper
we will consider both of these paradigms and see whether
or not it is possible to obtain any new constraints from a
new angle—namely by considering the capture of dark
matter by neutron stars.
The accretion of dark matter onto stellar objects has

been considered by various groups looking at both stars
[10–14] and compact objects [15–17]. In particular, the
structure and the ultimate fate of neutron stars which
accrete nonannihilating dark matter has been discussed
before [18–20].
Our aim is to consider the accretion of dark matter onto

neutron stars in greater detail in order to examine whether
or not it would ever be possible to either observe the
heating of a neutron star due to dark matter annihilation
within the object, or the collapse of a neutron star which
accretes nonannihilating dark matter.
In the next section we will outline our estimate for the

accretion rate of dark matter onto a neutron star. Then we
will explain which densities we will be assuming for dark
matter in the Milky Way. We will then go on to work out

*arnaud.de_lavallaz@kcl.ac.uk
†malcolm.fairbairn@kcl.ac.uk
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Can neutron stars constrain dark matter?

Chris Kouvaris* and Peter Tinyakov†

Service de Physique Théorique, Université Libre de Bruxelles, 1050 Brussels, Belgium
(Received 29 May 2010; published 28 September 2010)

Because of their strong gravitational field, neutron stars capture weakly interacting dark matter particles

(WIMPs) more efficiently compared to other stars, including the white dwarfs. Once captured, the WIMPs

sink to the neutron star center and annihilate, heating the star. We find that this heat could lead to

detectable effects on the surface temperature of old neutron stars, especially those in dark-matter-rich

regions such as the Galactic center or cores of globular clusters. The capture and annihilation is fully

efficient even for WIMP-to-nucleon cross sections (elastic or inelastic) as low as!10"45 cm2, and for the

annihilation cross sections as small as!10"57 cm2. Thus, detection of a sufficiently cold neutron star in a

dark-matter-rich environment would exclude a wide range of dark matter candidates, including those with

extremely small cross sections.

DOI: 10.1103/PhysRevD.82.063531 PACS numbers: 95.35.+d, 97.60.Jd

I. INTRODUCTION

Since the initial discovery of the ‘‘missing mass’’ prob-
lem by Zwicky in the 1930s, a lot of theoretical, experi-
mental, and observational effort has been put into unveiling
the mystery of dark matter. A number of possibilities have
been proposed, including modifications of the gravitational
theory, hidden sector(s), primordial black holes and other
massive objects, and new dark matter particles.

An attractive solution of the dark matter problem within
the context of particle physics can be provided by a
class of models with weakly interacting massive particles
(WIMP). The standard model does not have a WIMP
with the required characteristics, which means that
WIMPs are probably related to physics beyond the stan-
dard model. There are several dark matter propositions
according to what extension of the standard model one
selects: supersymmetry [1,2], hidden sectors [3,4], techni-
color [5–8], etc.

All currently existing evidence in favor of dark matter
(as, for example, WMAP [9]) is of gravitational origin. In
order to distinguish between the dark matter models, a
direct (nongravitational) detection of dark matter particles
is required. The most important parameters that determine
the perspectives of the direct detection are the cross section
!N of the dark matter-to-nucleon interaction, and the dark
matter self-annihilation cross section !A, or the decay rate
in models with decaying dark matter. Underground direct
search experiments such as CDMS [10] and Xenon [11]
have put tight constraints on the spin-independent
and spin-dependent cross sections of WIMPs scattering
off nuclei targets at the level of !N & 10"43 cm2.
Interestingly, the DAMA Collaboration [12] claims the
observation of an annual modulated signal with high sta-
tistical significance. A possible reconciliation of all the

underground search experiments points to the existence
of dark matter with excited states, in which case WIMPs
can interact also inelastically [13,14], or to less mainstream
scenarios as in [15,16].
In the past 20 years, there have been several attempts to

constrain the properties of WIMPs by looking at signatures
related to the accretion and/or annihilation of WIMPs in-
side stars. This includes the capture of WIMPs in the Earth
and the Sun [17–19], the self-annihilation of WIMPs that
can lead to an observable neutrino spectrum [20,21], the
effect of dark matter in the evolution of low-mass stars
[22,23], and the study of the WIMP accretion and/or
annihilation inside compact stars such as neutron stars
[24–26] and white dwarfs [27,28].
Compact objects and, in particular, neutron stars con-

stitute a potentially promising way of constraining dark
matter models. First, the high baryonic density in compact
stars increases the probability of WIMP scattering within
the star and eventually the gravitational trapping. This is
crucial in view of the tiny value of !N . It should be noted
that in the models with the inelastic dark matter interac-
tions, the elastic and inelastic cross sections of the WIMP
scattering inside the star are of the same order, because the
WIMP velocity is much higher than the asymptotic value
of 220 km=s, and its kinetic energy is therefore much
larger than the splitting between the WIMP excited and
ground states. Second, at the late stages of their evolution,
neutron stars can be rather cold objects due to the lack of
possible burning or heating mechanisms, and therefore
heating by annihilation of the dark matter could produce
an observable effect.
Close cousins of the neutron stars are the white dwarfs,

the second most compact objects. They are easier to ob-
serve due to their larger surface area. However, they are
lighter and less dense than neutron stars. For an efficient
capture, a dark matter particle has to collide at least once
per star crossing. For a neutron star, this requires the cross
section to satisfy !N * 10"45 cm2, while for a solar mass

*ckouvari@ulb.ac.be
†Petr.Tiniakov@ulb.ac.be
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Dark Kinetic Heating of Neutron Stars and an Infrared Window
on WIMPs, SIMPs, and Pure Higgsinos
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We identify a largely model-independent signature of dark matter (DM) interactions with nucleons and
electrons. DM in the local galactic halo, gravitationally accelerated to over half the speed of light, scatters
against and deposits kinetic energy into neutron stars, heating them to infrared blackbody temperatures.
The resulting radiation could potentially be detected by the James Webb Space Telescope, the Thirty Meter
Telescope, or the European Extremely Large Telescope. This mechanism also produces optical emission
from neutron stars in the galactic bulge, and x-ray emission near the galactic center because dark matter is
denser in these regions. For GeV-PeV mass dark matter, dark kinetic heating would initially unmask any
spin-independent or spin-dependent dark matter-nucleon cross sections exceeding 2 × 10−45 cm2, with
improved sensitivity after more telescope exposure. For lighter-than-GeV dark matter, cross-section
sensitivity scales inversely with dark matter mass because of Pauli blocking; for heavier-than-PeV dark
matter, it scales linearly with mass as a result of needing multiple scatters for capture. Future observations
of dark sector-warmed neutron stars could determine whether dark matter annihilates in or only kinetically
heats neutron stars. Because inelastic interstate transitions of up to a few GeV would occur in relativistic
scattering against nucleons, elusive inelastic dark matter like pure Higgsinos can also be discovered.

DOI: 10.1103/PhysRevLett.119.131801

Despite ongoing searches, the identity of DM remains a
mystery. Terrestrial detectors looking for DM impinging on
known particles have found no dark sector scattering events
in up to 100 kilogram years of data. While some DM
models have been excluded by these searches, many well-
motivated candidates remain untested. Earthbound direct
detection is considerably less sensitive to DM that couples
to standard model (SM) particles primarily through inelas-
tic or SD interactions, as well as DM much heavier or
lighter than the nuclear masses of argon, germanium,
or xenon.
A compelling insight developed in this document is that

DM interactions with SM particles heat NSs through the
deposition of kinetic energy that DM gains falling into
steep NS gravitational potentials. Dark kinetic heating of
NSs depends only on the total mass of accumulated DM,
and is therefore sensitive to DMmasses spanning dozens of
orders of magnitude. As a consequence, dark kinetic
heating of NSs provides a powerful complement to, and
indeed could surpass, terrestrial direct detection searches
for DM interactions.
This Letter also demonstrates that the aggregate impact

of DM falling onto NSs results in thermal emission
detectable with imminent telescope technology.
Detecting or constraining DM using nearby NSs requires
dedicated searches and observation times a few orders of
magnitude beyond standard surveys. In addition, locating
an old NS within 50 pc of Earth, where ∼100 old NSs

reside, may be critical to near-future searches for dark
kinetic heating. Such efforts are warranted by the extraor-
dinary sensitivity dark kinetic heating has for a broad
variety of DM models. This builds substantially on studies
of DM that annihilates in compact stars [1–6], showing that
well-motivated nonannihilating, asymmetric [7,8] and
inelastic DM can heat NSs appreciably.
1. Dark kinetic heating.—DM’s flux through a NS

depends on the maximum impact parameter of incoming
halo DM. For NS mass M∼1.5M⊙ and radius R ∼ 10 km,
bmax¼ð2GMR=v2xÞ1=2½1−ð2GM=RÞ%−1=2∼103km, where
vx is the velocity of DM [9]. The total mass rate of DM
passing through the NS is _m ¼ πb2maxvxρx, where ρx is the
ambient density of DM. Using a best-fit DM density
and halo velocity, ρx∼0.42GeVcm−3 and vx∼230kms−1

[10], _m ∼ 4 × 1025 GeV s−1.
The total kinetic energy that can be deposited by DM is,

to good approximation, given by DM’s kinetic energy at the
surface of the NS, Es ≃mxðγ − 1Þ, where for a typical NS
γ ∼ 1.35. Then the rate of dark kinetic energy deposition is
given by

_Ek ¼
Es _m
mx

f ≃ 1.4 × 1025 GeV s−1
!
f
1

"
; ð1Þ

where f ∈ ½0; 1% is the fraction of dark particles passing
through the star that become trapped in the NS interior. This
fraction depends on the cross section for DM to scatter
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Idea

WIMP DM accretes on

a neutron star (NS).

Annihilation of WIMPs in the

NS core causes heating effect.



Dark matter heating effect may be observed in old NSs.

In the standard cooling scenario, temperature becomes very 
low for t > 107 years.
With DM heating effect,  at later times. T∞

s → ∼ 2 × 103 K

σχN ≳ 10−45 cm2

WIMP dark matter heating in NS



Size of neutron star vs Toyama

Neutrons, protons, electrons, muons are Fermi degenerate.

Neutrons and protons form Cooper parings.

Radius: ~10 km

Mass: 1 − 2 M⊙

As high as 
nuclear density.



Standard Cooling of NS
D. Pager, J. M. Lattimer, M. Prakash, A. W. Steiner, Astrophys. J. Suppl. 155, 623 (2004);


M. E. Gusakov, A. D. Kaminker, D. G. Yakovlev, O. Y. Gnedin, Astron. Astrophys. 423, 1063 (2004).

Consider a NS composed of

Neutrons
Protons
Leptons (e, μ)

Equation for temperature evolution

C(T)
dT
dt

= − Lν − Lγ

C(T): Stellar heat capacity
Lν: Luminosity of neutrino emission
Lγ: Luminosity of photon emission

pF ≫ T, mn − mp

In Fermi degenerate states.

Supposed to be in the β equilibrium.



Cooling sources
Two cooling sources: 

ν

γ

Direct Urca process (DUrca)

Modified Urca process (MUrca)

Bremsstrahlung

PBF process
Occurs when nucleon pairings 

are formed.

Photon emission (from surface)

Dominant for t ≳ 105 years

Neutrino emission (from core)

t ≲ 105 yearsDominant for



Dark matter accretion in NS

NS

R ~ 10 km

DM

DM velocity is very large on the NS surface.

Effective geometrical cross section is very large.

DM number density

DM accretion rate is

<latexit sha1_base64="yXS1gvO/cWbxoQ3Nidh5jixUAMY="></latexit>

vesc =

r
2GM

R
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bmax ' R
vesc
v1

Impact parameter



Recoil energy
For each DM-nucleon scattering, WIMPs lose energy by

Let us compare this with the initial kinetic energy: E∞
kin = mDMv2

∞/2

 scattering angle

       in the CM frame.
θc :

One scattering is sufficient for 
WIMPs to lose the initial 
kinetic energy.

Energy transfer can be as 
large as O(100) MeV.



One scattering in NS
WIMP-nucleon scattering occurs at least once if

If this is satisfied, then all of the accreted WIMPs are captured.

If not, capture rate is suppressed by .σN /σth

σN ≳ 10−45 cm2Mean Free Path ∼ (σNn)−1 ∼
mNR3

MσN
≲ R

 DM-nucleon scattering cross sectionσN :

Captured WIMPs eventually annihilate inside the NS core.

For old NSs, we have

Accretion rate Annihilation rate=
equilibrium



NS temperature with DM heating

(for )σ > σth

Independent of DM mass.

At later times, the DM heating balances with the cooling 

by photon emission.

Robust, smoking-gun prediction

of DM heating.

Can we observe this??



DM heating vs direct detection
In any case, an observation of a NS with 

disfavors WIMPs which have .

Ts ≲ 2 × 103 K
σN ≳ 10−45 cm2

Prospects for direct detection experiments

Such a large scattering cross section can be probed in direct

detection experiments. Why we should care about DM heating??

APPEC Committee Report, arXiv:2104.07634.

σN = 10−45 cm2



Advantage of DM heating in NSs
Bound from NS temperature may surpass those from DM

direct searches in the following cases:

Dark matter interacts only with leptons.

Inelastic scattering occurs for .ΔM ≲ 𝒪(100) MeV

Heavy/light dark matter

Spin-dependent scattering

WIMP-nucleon scattering is velocity-suppressed.



ψm ψm+1,m−1

W

ψm ψm ψmψm

Z, γ

Electroweak multiplet DM
Electroweak multiplet DM is accompanied by charged particles,

which are degenerate in mass.

Mass splitting

O(100) MeV

Inelastic scattering can occur.

Cross section is large enough for 
such a DM to be captured in NS.

NS can be a promising probe for 
this class of DM candidates.

W�

pn

�0 ��

M. Fujiwara, K. Hamaguchi, N. Nagata, J. Zheng, Phys. Rev. D 106, 055031 (2022).



Muon g-2 and DM
NS heating can occur for DM models that couple only to leptons.

Muon g-2 DM-muon scattering cross section

K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, JHEP 10, 088 (2022).

In the parameter regions where the muon g-2 anomaly is explained,

DM-muon scattering is sufficiently large.



Effective operator analysis

N. Raj, P. Tanedo, H. Yu, Phys. Rev. D97, 043006 (2018).



Challenges: observation
Spectral distributions

1 Jy = 10-23 erg s-1 cm-2 Hz-1

Signal-to-noise ratio

arXiv:2205.05048

λ ∼ 2 μm Near-Infrared Camera (NIRCam) on JWST

With the F150W2 filter,  is obtained for 24 hours.SNR ≳ 5



In actual NSs, the following heating mechanisms due to 

the slowdown of NS rotation may operate:

Non-equilibrium beta processes

Friction caused by vortex creep

K. Hamaguchi, N. Nagata, K. Yanagi, Phys. Lett. B795, 484 (2019);
K. Hamaguchi, N. Nagata, K. Yanagi, MNRS 492, 5508 (2020).

Challenges: other heating sources

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, arXiv:2308.16066, 2309.02633.

These heating may conceal the DM heating.



Summary



Conclusion

• DM heating predicts NS surface temperature of 
~ a few thousand K at later times.

• This may be detectable.

• An observation of a NS with  can give a 
stringent constraint on WIMP DM models.

T∞
s ≲ 103 K

Electroweak multiplet dark matter

Muon g-2 motivated dark matter models



Appendix: other heating mechanisms



Other heating sources?
If there are other heating sources in NSs, DM heating effect 

may be concealed. 

There is no heating source in Standard NS cooling theory.

Is it possible to have extra heating sources?
Or, even motivated?



Old warm neutron stars?
Recently, “old but warm neutron stars” have been observed.

Milli-second pulsars

J0437-4715: tsd = (6.7 ± 0.2) × 109 years, T∞
s = (1.25 − 3.5) × 105 K

J2124-3358: tsd = 11+6
−3 × 109 years, T∞

s = (0.5 − 2.1) × 105 K

Ordinary pulsars

J0108-1431: tsd = 2.0 × 108 years, T∞
s = (2.7 − 5.5) × 104 K

B0950+08: tsd = 1.75 × 107 years, T∞
s = (6 − 12) × 104 K

B. Rangelov, et al., Astrophys. J. 835, 264 (2017).

O. Kargaltsev, G. G. Pavlov, and R. W. Romani, Astrophys. J. 602, 327 (2004);

M. Durant, et al., Astrophys. J. 746, 6 (2012).

V. Abramkin, Y. Shibanov, R. P. Mignani, and G. G. Pavlov, Astrophys. J. 911, 1 (2021).

V. Abramkin, G. G. Pavlov, Y. Shibanov, and O. Kargaltsev, Astrophys. J. 924, 128 (2022).

These observations cannot be explained in the standard cooling.



Topics of this Appendix
We need an extra heating source to explain those 
observations.

Non-equilibrium beta processes

Can we still observe the DM heating effect in the 
presence of this extra heating effect??

Candidates for the heating mechanism

Friction caused by vortex creep



Non-equilibrium β processes



Loop hole in standard cooling
In the standard cooling, β equilibrium is assumed.
In a real pulsar

Rotation rapid

Centrifugal

force large

Rotation slow

Centrifugal

force weak

Local pressure changes. Chemical equilibrium condition changes.

If the beta processes are rapid enough, the system can follow

the change in the equilibrium condition. But…



Neutrino emission
The beta processes are highly suppressed at later times, i.e.,

for low temperatures.
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Only the particles near the Fermi surface can participate in the processes.

Deviation from β equilibrium
A. Reisenegger, Astrophys. J. 442, 749 (1995).
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The imbalance in chemical potentials is dissipated as heat.

Rotochemical heating R. Fernandez and A. Reisenegger, Astrophys. J. 625, 291 (2005);
C. Petrovich, A. Reisenegger, Astron. Astrophys. 521, A77 (2010).



Millisecond pulsars

We can explain the observations.

Rotochemical heating always occurs in MSPs.

M Znpe Znpµ Znp Wnpe Wnpµ

[M�] [10�61 erg] [10�61 erg] [10�61 erg] [10�13 erg s2] [10�13 erg s2]

1.4 10 12 4 �1.5 �2
1.8 6 7 2 �1.4 �1.8

Table 2: The values of Znp, Znp`, and Wnp` in Eqs. (13) and (14), which are taken from Ref. [23].

We divide the NSs listed in Tab. 1 into two categories: MSPs and the others. The latter contains
ordinary pulsars and XDINSs. We exploit a representative parameter set for each category as
follows:

Millisecond pulsars MSPs have much smaller P and €P than ordinary pulsars. With MSP J0437-
4715 in mind, we use the following parameters for this category:

• M = 1.4 M�.

• P = 5.8 ms.

• €P = 5.7 ⇥ 10�20.

• �M/M = 10�7.

We also note that the values of P and €P of J2124-3358, P = 4.9 ms and €P = 2.1 ⇥ 10�20, are fairly
close to those of J0437-4715, while its mass is unknown. We have fixed the amount of the light
elements in the envelope, �M/M = 10�7, as it turns out that the result is almost independent of
this choice for old NSs such as J0437-4715 and J2124-3358.

Ordinary pulsars and XDINSs For ordinary pulsars and XDINSs, we use

• M = 1.4 M� or 1.8 M�.

• P = 1 s.

• €P = 1 ⇥ 10�15.

• �M/M = 10�7 or 10�15.

Note that P and €P a�ect the rotochemical heating only through Eq. (16), and thus the result
depends only on the combination P €P. Ordinary pulsars have P €P ⇠ 10�17

� 10�13, corresponding
to B ⇠ 1011

� 1013 G. The dependence of the thermal evolution on P €P is weaker than that on gap
models and P0, and thus we fix it to be P €P = 1 ⇥ 10�15 s in the following analysis.

Once we fix the NS parameters as above, the time evolution of the NS surface temperature
depends only on the nucleon gap models and the initial period P0. As we see in Sec. 2.2.2, the

15

K. Hamaguchi, N. Nagata, K. Yanagi, MNRS 492, 5508 (2020).

We take account of the effect of non-equilibrium β processes.



Ordinary pulsars

We can explain all of the observations.

The temperature evolution highly depends on 
the initial period  of pulsars.P0

Cool star: large initial period → no rotochemical heating.
Warm star: small initial period → rotochemical heating effective.
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� 10�13, corresponding
to B ⇠ 1011

� 1013 G. The dependence of the thermal evolution on P €P is weaker than that on gap
models and P0, and thus we fix it to be P €P = 1 ⇥ 10�15 s in the following analysis.

Once we fix the NS parameters as above, the time evolution of the NS surface temperature
depends only on the nucleon gap models and the initial period P0. As we see in Sec. 2.2.2, the
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K. Hamaguchi, N. Nagata, K. Yanagi, MNRS 492, 5508 (2020).

Heating due to magnetic field decay may occur.



Rotochemical heating vs DM heating
Now we include both the DM and rotochemical heating effects.

Simulations show that P0

can be as large as O(100) ms.

See, e.g., 1811.05483.

If P0 is large enough, DM heating effect can be observed.

It is always concealed in millisecond pulsars.

K. Hamaguchi, N. Nagata, K. Yanagi, Phys. Lett. B795, 484 (2019).



Vortex Creep Heating



Neutron superfluid vortex lines
Neutrons form Cooper pairs in NSs. Neutron superfluidity

In a rotating NS, superfluid vortex lines are formed.

outer crustinner crust
rotation axis

f
vortex line

superfluid : ∇ × vs = 0C

S

vortex line : ∇ × vn ≠ 0core

The vortex lines are fixed to the crust by nuclear interactions.
P. W. Anderson and N. Itoh, Nature 256, 25 (1975).



Vortex creep
Due to the pulsar radiation, the crust component slows down.

But the superfluid component does not.

The rotational speed difference developed.

δv

δv = vs − vVL

κ
fMag

⊙
fMag

vortex line

κ

neutron star

rotation axis

This induces Magnus force.

When it gets large enough, vortex lines 

start to move outwards. 

Vortex creep

Speed difference decreases.

The vortex creep keeps the speed difference constant.
<latexit sha1_base64="ejeUtJWaFQw7AlbLOwiL5H0jsGs="></latexit>

⌦SF � ⌦crust = const. Determined by the pinning force.



Vortex creep heating
The rotational energy stored in the superfluid component is 

dissipated as heat:

<latexit sha1_base64="2ALw8g7j+KxJx4LKwM0hov+vXuQ="></latexit>

LH =

Z
dIcrust(⌦SF � ⌦crust)|⌦̇| ⌘ J |⌦̇|

Moment of inertia Determined by the pinning force.

All NSs have similar values of J. 

In old NSs, this heating balances with the photon cooling:
<latexit sha1_base64="AA39g84kIy7hetKpo1YMStcZwf4="></latexit>

LH = L� = 4⇡R2�SBT
4

s

<latexit sha1_base64="e5y2ugK5cp27UOvGuIC197k7Stw="></latexit>

Jobs = 4⇡R2�SBT
4
s /|⌦̇| Can be determined by observation.

The vortex heating mechanism predicts this to be almost universal.

M. A. Alpar, et.al., Astrophys. J. 276, 325 (1984);
M. Shibazaki and F. K. Lamb, Astrophys. J. 346, 808 (1989).
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M. Shibazaki and F. K. Lamb, Astrophys. J. 346, 808 (1989).



Vortex creep heating vs observations

Magnetic heating suspected

MSP

tsd < 105 years

Theoretical estimations.

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, arXiv:2308.16066

Observations find similar values of J.

Theoretical calculations are in the same ballpark.
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Vortex creep heating vs observations
Ordinary pulsars Millisecond pulsars

Temperature evolution deviates at .t ≳ 105 years

Even for very old NSs, .Ts ≳ 104 K

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, arXiv:2308.16066
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Vortex creep heating vs DM heating
To see the DM heating effect, we want .Lvortex < LDM

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, arXiv:2309.02633.

Upper limit on J | ·Ω |

Limit on J  (log J [erg s])

Distribution of known pulsars

J must be much smaller than the values favored by obs. and theor.

For observationally favored value

of J, we need this size of | ·Ω |



Vortex creep heating vs DM heating

The DM heating is buried under the vortex creep heating unless
<latexit sha1_base64="QE1r7ivWpxl5vsSZF6Vnt9KnC9k="></latexit>

J . 1038 erg · s Much smaller than the values 

favored by obs. and theor.

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, arXiv:2309.02633.



Conclusion

For ordinary pulsars, DM heating effect can be 
observed if their initial period is relatively large. 

For millisecond pulsars, DM heating effect is 
always hidden by the rotochemical heating.

We studied potential heating mechanisms in NSs.

Non-equilibrium β processes.

Vortex creep heating

This heating effect seems to dominate the DM heating.



Backup



Sommerfeld effects
J. Hisano, S. Matsumoto, and M. M. Nojiri, Phys. Rev. Lett. 92, 031303 (2004).

Electroweak-interacting DM has self-interactions via EW interactions.

χ

χ

SM particles

SM particles

Incoming wave-functions deviate from plane waves due to

long-distance self-interactions.

Sommerfeld effect
This effect becomes important when the interaction range

becomes longer than the Bohr radius of the two-body system.



Neutron star structure

~ 1 km

Outer crust
Neutron-rich nucleus (crystal)

Inner crust

Neutron-rich nucleus, electron
Neutron superfluid:

Outer core

Electron, muon
Neutron superfluid:
Proton superconductor:

Inner core
Neutron superfluid:
Hyperons, π/K condensation, quarks (?)

Electron

1S0

3P2

3P2

1S0

We do not consider them in this talk.

Envelope, atmosphere



Early stage of neutron star

After ~ 20s, the temperature gets low enough for neutrinos 
to escape from the neutron star.

Right after SN explosion, a NS is in a very high-temperature 
state with .T ∼ 1011 K

Thermal relaxation completed after 10—100 years, and the 
temperature becomes constant inside the neutron star.

We focus on this case in what follows.

The following results rarely depend on the initial conditions.
Temperature decreases very rapidly in the first moments.

To follow the temperature evolution within 100 years, 
we must solve the heat conduction equations.



Temperature distribution
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q=27

Paired
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Paired

Normal

q=26
q=25

Normal

D. Page, J. M. Lattimer, M. Prakash, A. W. Steiner [arXiv: 1302.6626].

Relaxation in the Core

done in ~ 100 years.



β equilibrium
Inside neutron stars, β equilibrium is achieved via 

the direct/modified Urca reactions

Chemical equilibrium

Chemical potential of neutrino is zero

since it can escape from neutron star.

Charge neutrality

Muons also appear in the region where .μe > mμ

Chemical equilibrium Charge neutrality



Nucleon pairing
Nucleons in a NS form pairings below their critical temperatures:

Neutron singlet 1S0

Proton singlet 1S0

Neutron triplet 3P2

Only in the crust. Less important.

} Form in the core. Important.

Neutron triplet pairing gap
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PBF process
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Thermal disturbance induces the breaking of nucleon pairs.

During the reformation of cooper pairs, the gap energy 

is released via neutrino emission.

This process significantly enhances the neutrino emission 

only when

T ≲ TC

If T > TC, this process does not occur.
If T << TC, pair breaking rarely occurs.



Surface temperature
It is the surface temperature that we observe, so we need to

relate it to the internal temperature.

g14: surface gravity in units of 1014 cm s-2.
ΔM: mass of light elements.

As the amount of light elements gets increased, the surface 

temperature becomes larger. Light elements have large thermal conductivities.

A. Y. Potekhin, G. Chabrier, and D. G. Yakovlev, A&A 323, 415 (1997).

This relation depends on the amount 
of light elements in the envelope.

η ≡ g2
14ΔM/M



Temperature evolution
We can now solve the equation for temperature evolution:

If Direct Urca occurs, the neutron star cools down rapidly.

Temperature of NSs (older than 106 years) is very low.

Before the thermal relaxation

completed, the surface 

temperature does not 

follow the internal temperature.



Temperature evolution (gap dependence)

Proton singlet gap

Neutron triplet gap

Uncertainty in nucleon gap models

lead to the theoretical errors in the

cooling calculation.



EOS dependence
EOS dependence of the temperature evolution

With pairing

Without pairing

BPAL31

BPAL21
APR

WFF3

J. M. Lattimer, D. Page, M. Prakash, A. W. Steiner, Astrophys. J. Suppl. 155, 623 (2004).



PSR B0656+14

2 Black body components + power low fit
G. Bignami, P. Caraveo, A. de Luca, S. Mereghetti, M. Negroni, Astrophys. J. 623, 1051 (2005).



FAST

Five-hundred-meter Aperture Spherical radio Telescope (FAST)
（五百米口径球面射电望远镜）

Many pulsars are expected to be discovered by

in China in the near future.

About 5000 (4000 new) pulsars 
are expected to be discovered.

A lot of pulsars have already 
been discovered.

arXiv: 1105.3794

See J. L. Han et al., arXiv:2105.08460



eROSITA
X-ray instrument on the SRG space observatory.

Launched on July 13, 2019.

Started an all-sky survey on Dec. 13, 2019.

Eight full-sky surveys are planned.

85—95 thermally emitting isolated NSs are expected to be detected. 

P. Predehl, et.al., A&A 647, A1 (2021).

A. M. Pires, A. D. Schwope, C. Motch, Astron. Nachr., 338, 213 (2017).



Vera C. Rubin Observatory, LSST
Deep optical survey

Under construction in Chile

Full survey operations are aimed to begin in Oct. 2024

By using this, we can search for thermally emitting NSs.
D. Toyouchi, K. Hotokezaka, M. Takada, MNRAS 510, 611 (2021).

Nearby ( ) NSs with with a large kick velocity 
( ) can be detected.

∼ 100 pc
𝒪(100) km/s Caused by anisotropic SN explosion

O(1) NSs are expected to be detected for a 10-yr monitoring.



Pulsar searches with SKA
The Square Kilometer Array is expected to discover

~ 1200 MSPs

~ 9000 ordinary pulsars

L. Levin, et.al., arXiv:1712.01008
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M. Fujiwara, K. Hamaguchi, N. Nagata, J. Zheng, arXiv:2204.02238.

DM capture in NSs and direct detection experiments play 

complementary roles.
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M. Fujiwara, K. Hamaguchi, N. Nagata, J. Zheng, arXiv:2204.02238.

DM is always captured by NSs since the neutral-charged mass 

difference is very small.
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Dark kinetic heating

10-4 0.1 100 105 108 1011

10-48

10-46

10-44

10-42

10-40

10-38

mx  (GeV)

σ n
x  

(c
m

2 )

LUX an
d P

an
da

X SI

Pan
da

X SD

xe
no

n ν
 flo

or 
SI

C
R

ESST SICD
M

S SI

T
∞    = 1750 Kelvin NS

dark

xe
no

n ν
 flo

or 
SD

T
∞    = 1000 Kelvin NS

dark

T
∞    = 100 Kelvin NS

dark

M. Baryakhtar, J. Bramante, S. W. Li, T. Linden, N. Raj, Phys. Rev. Lett. 119, 131801 (2017).

Effect of Pauli blocking Multiple scattering required



Spin-down age
For magnetic dipole radiation,

By solving this, we have

In particular, for , we can estimate the neutron star ageP0 ≪ Pnow

tsd is called spin-down age or characteristic age.

(P0: initial period)



Pulsar age

Actual age

Spin-down age

P = 0.033392 s, ·P = 4.21 × 10−13

Agrees within ~ 30%.

Let us compare the spin-down age with the actual age

in the case of the Crab pulsar.

It was born in 1054, so its age is 965 years old.



 diagramP − ·P
It is useful to show pulsars in the  plane, since we can

see the distribution of their age and magnetic field.

P − ·P


