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Astrophysical detection of heavy-particle-induced spectral shifts in muonic iron
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By significantly increasing the nuclear mass, a strongly interacting massive particle~SIMP! bound to an iron
nucleus would cause a characteristic change in the spectrum of muonic iron. At temperatures high enough that
such atoms are completely stripped of electrons, the effect is directly observable as a 0.2% shift in the energies
of high angular momentum states. This phenomenon provides a new test for the existence of SIMPs, which
have been proposed as dark matter candidates, and as candidates for the lightest supersymmetric particle.
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I. INTRODUCTION

Various theoretical arguments have raised the possib
that strongly interacting massive particles~SIMPs! exist, and
might thus constitute a heretofore unknown class of elem
tary particles@1–14#. SIMPs would be electrically neutra
and could be detected in the laboratory through their in
actions with ordinary matter. Specifically, SIMPs could bi
to the nuclei of atoms, and would manifest themselves
anomalously heavy isotopes of known elements. Searc
for SIMPs bound to light nuclei have been reported in Re
@15,16#, and in Refs.@17,18# limits were set on the abun
dances of anomalous isotopes in gold with masses u
1.67 TeV/c2, and for iron isotopes with masses up
0.65 TeV/c2. These experimental results were then used
Ref. @19# to infer limits on the SIMP contributionVS to the
cosmological density parameterV.

Although it would be clearly desirable to set experimen
limits on SIMPs with masses substantially greater th
'2 TeV/c2, this may be difficult to accomplish in labora
tory experiments due to the limited energies that are av
able. In the present paper we propose an astrophysical se
for anomalously heavy isotopes, which is sensitive to
complementary range of SIMP masses (MS*100 GeV/c2).
This proposal exploits the effect of increased nuclear m
arising from the binding of a SIMP to an iron nucleus, on t
binding energy of muonic-iron (m-Fe! atoms. By greatly in-
creasing the nuclear mass, the presence of a SIMP in
nucleus effectively eliminates the well-known reduced m
correction in a hydrogenic atom. We choose to study muo
atoms instead of electronic atoms because the muon’s la
mass (mm5207 me) amplifies the reduced mass correctio
The two essential conditions for measuring this effect are~i!
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that the muonic atom is completely stripped of electrons a
~ii ! that we measure states having high angular momen
(,>2). Under these conditions, the presence of a SIMP
the nucleus of muonic iron causes a 0.2% shift in its bind
energies, which may be experimentally detectable in as
physical systems. Iron was chosen as a candidate for obs
ing this effect since ionized iron is present in the interste
medium~ISM! of many galaxies, and also in the intraclust
medium~ICM! of rich galaxy clusters. The high plasma tem
peratures of the ICM,Te;1072108 K, and its particle den-
sity, ne;1023 cm23, ensures that iron ions are fully ionize
under such conditions~see, e.g.,@20# for a review!. More-
over, supernova remnants heat the ISM producing iron i
with high ionization states.

The ICM is particularly useful for our purposes since
physical state is quite simple: this plasma is in hydrosta
equilibrium with the overall gravitational potential, and it
at an almost constant temperature. Iron L and Ka-Kb lines
are widely observed with high precision in the spectra
galaxy clusters using the available capabilities on board
XMM and Chandra x-ray satellites. The iron abundance
the ICM is in the range (1/321) of the solar value.

Interestingly, the ICM also possesses a relatively h
abundance of muons. Two main channels of muon prod
tion can be envisaged.~i! Cosmic ray protons can be acce
erated at interstellar/intergalactic shocks and/or injected
the ISM/ICM by relativistic jets of micro-quasars and rad
galaxies. These energetic protons can then collide with
thermal protons in the ISM/ICM producing muons throu
pp→p0,61X, followed by p6→m6nm( n̄m) ~see, e.g.,
@21#!. ~ii ! Dark matter~assumed to be neutralinox) annihi-
lation in the central regions of galaxies and galaxy clust
would create muons throughxx→p0,61X, followed again
by p6→m6nm( n̄m) ~see, e.g.,@22#!. Muon production in the
ICM via the previous mechanisms is a stationary proc
since~i! cosmic ray protons are stored in the ICM for dur
tions comparable to the Hubble time@21#, and thermal pro-
tons are in hydro- and virial-equilibrium with the galax
cluster potential, and~ii ! dark matter, which provides mor
than 80% of the total galaxy cluster mass, can annihil
efficiently in their cores yielding a continuous reservoir
muons. We can be certain that muon production in
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ISM/ICM is occurring, since it is a necessary intermedia
step in the production of relativistic electrons@m6→e6

1( n̄m)nm1ne( n̄e)#, which are required to explain the dif
fuse radio emission observed in many galaxy clusters~see,
e.g.,@22# and references therein!.

We conclude that the two essential conditions~highly ion-
ized iron and a muon-rich medium! needed to measure th
SIMP-induced spectral shift are fulfilled in the astrophysi
environments of galaxies and galaxy clusters. In what
lows we first discuss in detail the effect of increased nucl
mass on the binding energy of muonic-iron. We then expl
the conditions under which this mass shift is the domin
effect in an anomalous isotope. Finally we consider the p
sibility of observing the SIMP-induced shift in an astrophy
cal environment.

II. THE REDUCED-MASS SHIFT

The bound state energies of a hydrogenic atom~with point
nucleus! are proportional to the reduced mass, given by

meM

M1me
>meS 12

me

M D ~1!

whereme is the electron mass andM is the nuclear mass
Muonic atoms are formed when a negative muon, hav
charge2ueu and massmm5206.7me is captured in the Cou
lomb field of a nucleus. Muonic atoms can be treated a
they were quasi-stable because the muon cascades fro
initial state to the atomic ground state over a time scale m
shorter than the characteristic time for muon capture by
nucleus,m21p→n1nm @23#. Since the muon is much mor
massive than the electron, the reduced mass correction
muonic atoms is'207 times larger than for normal atoms

If a SIMP is captured by the nucleus of a muonic ato
the fractional change in the energy of a leveln due to the
change in nuclear mass is given by

DEn~MS!

En
5

11mm /M

11mm /~M1MS!
21 ~2!

where M is the nuclear mass,MS is the SIMP mass, and
where we have assumed thatMS is much larger than the
SIMP-nucleus binding energy. For smallMS , the change in
energy is approximately

DEn~MS!

En
>

mm

M2
MS . ~3!

For large MS , the nucleus effectively acquires an infini
mass, eliminating the original reduced mass correction:

DEn~MS!

En
>

mm

M
. ~4!

In muonic-iron (m-Fe!, the presence of a large-mass SIMP
the nucleus causes a fractional change of 0.002 in the b
ing energies~see Fig. 1!. This mass shift is the effect w
hope to measure.
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III. CORRECTIONS TO THE REDUCED MASS SHIFT

The presence of a SIMP in the nucleus leads to ot
corrections in addition to that arising from the reduced ma
In this section we consider three such effects: changes in
electron cloud due to increased nuclear mass, changes i
nuclear charge distribution, and quantum-electrodyna
~QED! contributions. The effect of the electron cloud is com
plicated, and of comparable size to the mass shift@24#.
Hence we will assume that the muonic iron atom is co
pletely stripped of electrons, as is expected to be the cas
the astrophysical environments of interest to us. We can t
show that for muonic states having angular momentum qu
tum number,>2, the remaining corrections arising from
changes in the nuclear charge distribution and from Q
corrections are negligible compared to the reduced m
shift. Hence a shift at the 1023 level in the spectrum arising
from transitions among states with,>2 could be interpreted
as possible evidence for a SIMP bound to an26

56Fe nucleus.

A. Finite size shift

In muonic iron, the energies of all nonzero angular m
mentum states can be well approximated by the Bohr
mula

En5Z2S mm

me
DE0H

n2
, ~5!

whereE0H5213.6 eV is the ground state energy of hydr
gen, andmm (me) is the muonic~electronic! reduced mass
We can thus estimate the effect of the finite nuclear size
using first-order perturbation theory with hydrogenic wa
functions describing the unperturbed state. In fact, Rosen

FIG. 1. Fractional change in the bound state energies of mu
iron due to the change in reduced mass arising from the additio
a SIMP of massMS to the nucleus. For largeMS , the result is to
shift all energies by 0.2%, since the reduced mass correction to
Bohr formula vanishes asMS→`. Other effects, discussed in th
text, may obscure the mass shift, but for,>2 states it remains the
dominant effect.
8-2
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and Breit found that this procedure overestimates the ac
shift @24#, so it will serve as an upper bound. Assuming
uniform nuclear charge distribution for simplicity, the fini
size energy shift found from first-order perturbation theory
given by

DEn,~R!5^n,muDV~R,r !un,m&

54pE
0

R

drr 2DV~R,r !uCn,u2. ~6!

Here

DV~R,r !5Vf inite2VCoulomb5
3

2

Za

R F12
1

3 S r

RD 2

2
2

3 S R

r D G
~7!

is the difference between the Coulomb potential arising fr
a point charge and that due to a uniform charge distribu
of radiusR, and

uCn,u25
1

4p

2Z3

na0
H ~n2,21!!

2n@~n1, !! #3J e2rr2,Ln1,
2,11~r!2

~8!

is the radial probability distribution for the muonic heav
hydrogen wave functions withr52Zr/na0, and a0
51/amm @25#. We now define the fractional finite-size en
ergy shift due to an increase in nuclear charge radius
comparison to the mass shift:

dDEn,~dR!

En
5

DEn,~R01dR!2DEn,~R0!

En
~9!

whereR055.4 fm is the radius of the26
56Fe nucleus anddR is

the increase in the nuclear charge radius caused by the
ence of a SIMP.

Making the standard approximation that the nuclear v
ume is proportional to the number of nucleons giv
dR/R050.006 for the addition of aneutron to an 26

56Fe
nucleus. However, that approximation may fail for the ad
tion of a SIMP to the nucleus, hence we invoke the wea
assumptiondR/R0,0.1. Under this assumption, the fra
tional changedDEn,(dR)/En in the finite size effect for
states having,Þ0 is at least an order of magnitude smal
than the mass shift~see Table I and Fig. 2!. If ,>2, the finite
size effect itself,DEn,(R0), is completely negligible.

TABLE I. Fractional finite size shift due to an assumed 10
increase in nuclear charge radius for several low-lying states.

n , dR/R0 dDEn,(dR)/En

1 0 0.1 231022

2 0 0.1 131022

2 1 0.1 231024

3 0 0.1 131022

3 1 0.1 231024

3 2 0.1 231027
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B. Nuclear polarization

Another correction related to the finite size effect
nuclear polarization, which refers to effects of intern
nuclear degrees of freedom expressed in first- or seco
order perturbation theory@26#. Ericson and Hu¨fner @27#,
show that the energy shift in high orbital angular moment
leptonic energy levels due to nuclear effects is dominated
the polarizability shift. Thus other effects, such as stro
interactions and form factors of the nuclear charges, may
neglected when analyzing transitions at high,. Using the
Fermi-function

r~r !5
ro

11exp@~r 2c!/a#
~10!

with a50.52 andc5(1.183A21/320.353) to describe the
nuclear charge distribution, Rinker and Speth@28# calculated
the nuclear polarization contributions to shifts in the mu
binding energy for a number of elements in the Perio
Table. They show that for26

56Fe, this correction is effectively
absent for muons in the 3d3/2 ~or any higher! excited states.
Since this is also the case for34

79Se, we can presume that an
shift in the muon binding energy due to the addition of
neutral SIMP to26

56Fe is negligible.

C. QED corrections

QED corrections arise from the interaction of the lept
field with the quantized electromagnetic field. Two such
fects are important: modifications of muon energy levels
the emission and absorption of photons, and vacuum po
ization effects arising from the modification of the photo

FIG. 2. Fractional change in the bound state energies of mu
iron due to a change in the radius of a uniform nuclear cha
distribution ~finite size shift!. As noted in the text, these plots ar
upper limits for the effect. A SIMP bound to the nucleus would gi
rise to such a shift, which might obscure the mass shift in low-ly
states. Although the degree to which a SIMP would affect
nuclear charge distribution is unknown, in states with angular m
mentum quantum number,>2 this effect is negligible.~See also
Table I.!
8-3



ED
rla

ar

y

-
as

e
or

th

of
s
a

mo-
u-
ed

ect.
of

that
tory
n

the
e
n is

of
tion

ic
m-

ries
ith
M.
x-

eir
ns a

-
ap-
gal-
tal

ent
he
d do
r
ent.

GUFFIN et al. PHYSICAL REVIEW D 66, 123508 ~2002!
propagator by virtual pair creation and annihilation@26#.
Vacuum polarization corrections dominate over other Q
corrections for muonic atoms, because of the large ove
between the nucleus and the muon wave function@29#. For a
hydrogen-like atom with a point nucleus the vacuum pol
ization correctiondEn, for an energy levelun,,& is given by
@30#

dEn,5
2Zae2

15pmm,e
2

d,,0ucn,~0!u252
4

15p

Z2a5

n3
mm,ed,,0

~11!

wherecn,(0) is the wave function ofe or m at the origin,
andmm,e denotesmm or me . It follows that for a point-like
nucleusdEn,50 for states with,Þ0. However, we are in-
terested in the changes indEn, when a SIMP is captured b
a finite nucleus. In this case the contribution todEn, no
longer vanishes for,Þ0, but it is greatly reduced. A calcu
lation of the finite size effect on vacuum polarization w
carried out by Arafune@31#, and by Brownet al. @32#. Brown
calculates a shift of20.11 eV for the 3d5/2 state of 20

40Ca
which corresponds to a fractional shift of

DEQED

En
5

0.11 eV

0.125 MeV
'8.831027, ~12!

whereEn is the nonrelativistic binding energy. Although th
fractional shift increases with Z, it is still less than 10 eV f
n>3 in 56

137Ba. This leads to a fractional shift of

DEQED

En
'1.631025, ~13!

and hence any modification of the finite-size correction to
vacuum polarization is negligible in iron.
p

an
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IV. CONCLUSIONS

We have shown that in muonic iron atoms, a SIMP
mass greater than'100 GeV/c2 bound to the nucleus cause
a 0.2% shift in the muon binding energy which arises from
change in its reduced mass. For states having angular
mentum,>2, interactions with the nuclear charge distrib
tion may be neglected, and if the atom is completely stripp
of electrons, the reduced mass shift is the dominant eff
This phenomenon provides a new test for the existence
SIMPs manifested as anomalous atomic isotopes. We see
the proposed astrophysical test complements labora
searches for SIMPs by allowing limits to be inferred o
SIMPs of arbitrarily large massMS . Whereas laboratory
tests are more sensitive for SIMPs of relatively low mass,
shift of spectral lines in (m-Fe! becomes more sensitive th
larger the SIMP mass is, since the reduced mass correctio
more completely eliminated asMS→`.

Muonic iron ions could be observed in the spectra
nearby galaxy clusters and galaxies with the high resolu
spectrometers on board the next generationg-ray observato-
ries such as INTEGRAL. It is also likely that other muon
atoms could be observed with the high-resolution spectro
eters planned for the next generation x-ray observato
such as ASTROE-2, XEUS and Constellation-X, and w
the instruments already operating on Chandra and XM
Such a possibility is of crucial relevance for testing the e
istence of SIMPs or even for inferring constraints on th
presence in astrophysical environments. Moreover, it ope
new window on the possibility of studying dark matter com
position through direct astrophysical observations. It is
pealing to anticipate that some astrophysical feature of
axy clusters might yield constraints on the fundamen
properties of a possible dark matter particle.
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