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Astrophysical detection of heavy-particle-induced spectral shifts in muonic iron

J. Guffin?* G. Nixon>' D. Javorsek I£?*S. Colafrancescd® and E. Fischbach
!Department of Physics, Purdue University, 1396 Physics Building, West Lafayette, Indiana 47906
280th Flying Training Wing, United States Air Force, Sheppard AFB, Texas 76311
3INAF-Osservatorio Astronomico di Roma, Via Frascati 33, 1-00040 Monteporzio, Italy
(Received 26 September 2002; published 19 December)2002

By significantly increasing the nuclear mass, a strongly interacting massive pésiiele) 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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[. INTRODUCTION that the muonic atom is completely stripped of electrons and
(ii) that we measure states having high angular momentum
Various theoretical arguments have raised the possibility¢=2). Under these conditions, the presence of a SIMP in
that strongly interacting massive partick&MP9 exist, and  the nucleus of muonic iron causes a 0.2% shift in its binding
might thus constitute a heretofore unknown class of elemerbnergies, which may be experimentally detectable in astro-
tary particles[1-14]. SIMPs would be electrically neutral physical systems. Iron was chosen as a candidate for observ-
and could be detected in the laboratory through their intering this effect since ionized iron is present in the interstellar
actions with ordinary matter. Specifically, SIMPs could bind e djum(1SM) of many galaxies, and also in the intracluster
to the nuclei of atoms, and would manifest themselves ahedium(ICM) of rich galaxy clusters. The high plasma tem-

anomalously heavy isotopes of known elements. Seamhep%ratures of the ICMT,~107— 10F K, and its particle den-
for SIMPs bound to light nuclei have been reported in RefsSity ne~103 cm 2 erelsures that irc;n ions are fully ionized

15,1, and in Refs.[l?_,la I|m|ts_ were set on the abun- under such conditiongsee, e.g.[20] for a review. More-
dances of anomalous isotopes in gold with masses up to

1.67 TeVk?, and for iron isotopes with masses up to OVer, supernova remnants heat the ISM producing iron ions
with high ionization states.

0.65 TeVk2. These experimental results were then used in The ICM i ticularl ful § . it
Ref.[19] to infer limits on the SIMP contributiolf) 5 to the € IS particuiarty US€tU for our purposes since 1ts
physical state is quite simple: this plasma is in hydrostatic

cosmological density parametér. N i Y . o
Although it would be clearly desirable to set experimentalequ'“b”um with the overall gravitational potential, and it is
t an almost constant temperature. Iron L angk lines

limits on SIMPs with masses substantially greater tharf* | : ) Lo
~2 TeVlc?, this may be difficult to accomplish in labora- 2'€ widely observed with high precision in the spectra of

tory experiments due to the limited energies that are aVa”galaxy clusters using the available capabilities on board the

able. In the present paper we propose an astrophysical searéMM angl (;handra x-ray satellites. The iron abundance in
P bap brop phy e ICM is in the range (1/31) of the solar value.

for anomalously heavy isotopes, which is sensitive to d inalv. th | lativelv hiah
complementary range of SIMP massés{= 100 GeVk?). Interestingly, the ICM also possesses a relatively hig

This proposal exploits the effect of increased nuclear maséa}bundange of muons._TvC\;o main channels of muk())n prodluc-
arising from the binding of a SIMP to an iron nucleus, on thellon can be enwsage_(ﬂl) Osmic ray protons can be accel-
binding energy of muonic-irong-Fe) atoms. By greatly in- erated at interstellar/intergalactic shocks and/or injected into

creasing the nuclear mass, the presence of a SIMP in tthe IS.M“CM by relativist.ic jets of micro—quasars'and r_adio
nucleus effectively eliminates the well-known reduced masghalamels. Tk;ese -enfr:gﬁch?{gﬁns csn Fhen collldeﬂ\:v ith t::e
correction in a hydrogenic atom. We choose to study muonid ermao Pro ons in the . pro+ ucing muons throug
atoms instead of electronic atoms because the muon’s largéP— 7~ +X, followed by 7~ —u~v,(v,) (see, eg.,
mass (n,=207m,) amplifies the reduced mass correction.[21]). (i) Dark matter(assumed to be neutraling) annihi-
The two essential conditions for measuring this effect(gre lation in the central regions of galaxies and galaxy clusters
would create muons througpy— 7%= + X, followed again
by 7= —u*v,(v,) (see, e.g}[22]). Muon production in the
*Present address: Physics Department, University of lllinois, UrICM via the previous mechanisms is a stationary process

bana, IL 61801. Email address: guffin@uiuc.edu since(i) cosmic ray protons are stored in the ICM for dura-
TPresent address: Physics Department, Princeton University, Priions comparable to the Hubble tini21], and thermal pro-

ceton, NJ 08544. Email address: gnixon@princeton.edu tons are in hydro- and virial-equilibrium with the galaxy
*Email address: javorsek@hotmail.com cluster potential, andii) dark matter, which provides more
SEmail address: cola@coma.mporzio.astro.it than 80% of the total galaxy cluster mass, can annihilate
'Email address: ephraim@physics.purdue.émuresponding au-  efficiently in their cores yielding a continuous reservoir of

thor). muons. We can be certain that muon production in the
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ISM/ICM is occurring, since it is a necessary intermediate 19
step in the production of relativistic electrofig.™ —e™

+(v) v, ve(ve)], which are required to explain the dif-
fuse radio emission observed in many galaxy clus(ses,
e.g.,[22] and references thergin

We conclude that the two essential conditidhighly ion- 10
ized iron and a muon-rich mediynmeeded to measure the e
SIMP-induced spectral shift are fulfilled in the astrophysical =
environments of galaxies and galaxy clusters. In what fol- <
lows we first discuss in detail the effect of increased nuclear
mass on the binding energy of muonic-iron. We then explain i
the conditions under which this mass shift is the dominant
effect in an anomalous isotope. Finally we consider the pos-
sibility of observing the SIMP-induced shift in an astrophysi-

_37

cal environment. -5 , , ,
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Il. THE REDUCED-MASS SHIFT M [GeVic']
The bound state energies of a hydrogenic ateith point FIG. 1. Fractional change in the bound state energies of muonic

nucleus are proportional to the reduced mass, given by iron due to the change in reduced mass arising from the addition of
a SIMP of masdM g to the nucleus. For largklg, the result is to
Me shift all energies by 0.2%, since the reduced mass correction to the
M+ mezme( 1- V) (1) Bohr formula vanishes a8l s—c0. Other effects, discussed in the
text, may obscure the mass shift, but for 2 states it remains the

wherem, is the electron mass arld is the nuclear mass. dominant effect.
Muonic atoms are formed when a negative muon, having
charge—|e| and massn,=206.7m is captured in the Cou-

lomb field of a nucleus. Muonic atoms can be treated as if The presence of a SIMP in the nucleus leads to other

they were quasi-stable because the muon cascades from #grrections in addition to that arising from the reduced mass.
initial state to the atomic ground state over a time scale mUCh'] this section we consider three such effects: Changes in the
shorter than the characteristic time for muon capture by th@jectron cloud due to increased nuclear mass, changes in the
nucleusu ™ +p—n+wv, [23]. Since the muon is much more nuclear charge distribution, and quantum-electrodynamic
massive than the electron, the reduced mass correction fQED) contributions. The effect of the electron cloud is com-
muonic atoms is~207 times larger than for normal atoms. plicated, and of comparable size to the mass siif].

If a SIMP is captured by the nucleus of a muonic atom,Hence we will assume that the muonic iron atom is com-
the fractional change in the energy of a levetiue to the  pletely stripped of electrons, as is expected to be the case in
change in nuclear mass is given by the astrophysical environments of interest to us. We can then

show that for muonic states having angular momentum quan-
AE,(My) _ 1+m,/M _ ) tum number{=2, the remaining corrections arising from

En 1+m,/(M+Myg) changes in the nuclear charge distribution and from QED

. ) corrections are negligible compared to the reduced mass
where M is the nuclear masdyis is the SIMP mass, and ghift. Hence a shift at the I level in the spectrum arising
where we have assumed thisits is much larger than the from transitions among states witt=2 could be interpreted

SIMP-nucleus binding energy. For smadls, the change in a5 possible evidence for a SIMP bound to fe nucleus.
energy is approximately

Ill. CORRECTIONS TO THE REDUCED MASS SHIFT

AE,(Ms) m A. Finite size shift

E = W S- 3 In muonic iron, the energies of all nonzero angular mo-
" mentum states can be well approximated by the Bohr for-

For largeMg, the nucleus effectively acquires an infinite mula

mass, eliminating the original reduced mass correction:

AE,(Mg) _m el w2 ©

= 4
E, M

whereEyy=—13.6 eV is the ground state energy of hydro-
In muonic-iron (u-Fe), the presence of a large-mass SIMP ingen, andu, (u¢) is the muonic(electroni¢ reduced mass.
the nucleus causes a fractional change of 0.002 in the bindA/e can thus estimate the effect of the finite nuclear size by
ing energies(see Fig. 1L This mass shift is the effect we using first-order perturbation theory with hydrogenic wave

hope to measure. functions describing the unperturbed state. In fact, Rosenthal
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TABLE I. Fractional finite size shift due to an assumed 10%
increase in nuclear charge radius for several low-lying states.

n ¢ SRIR, SAE . (SR)/E,

1 0 0.1 2x10 2

2 0 0.1 1x10 2

2 1 0.1 2x10°*

3 0 0.1 1X 1072

3 1 0.1 2x1074

3 2 0.1 2x1077
and Breit found that this procedure overestimates the actua 10°+/ B
shift [24], so it will serve as an upper bound. Assuming a / o
uniform nuclear charge distribution for simplicity, the finite 0 005 o1 015 02
size energy shift found from first-order perturbation theory is SRR,
given by

FIG. 2. Fractional change in the bound state energies of muonic
AE «(R)=(n¢m|AV(R,r)|n¢m) iron due to a change in the radius of a uniform nuclear charge
distribution (finite size shifi. As noted in the text, these plots are
upper limits for the effect. A SIMP bound to the nucleus would give
rise to such a shift, which might obscure the mass shift in low-lying
states. Although the degree to which a SIMP would affect the
Here nuclear charge distribution is unknown, in states with angular mo-

mentum quantum numbei=2 this effect is negligible(See also

1/r\2 2/R Table 1)
sl 57

R
=477j drrAV(R,r)| W2 (6)
0

37«
AV(Rur):Vfinite_VCOUIomeE F 1

7) B. Nuclear polarization

. , ) . Another correction related to the finite size effect is
is the difference between the Coulomb potential arising fron,y,cjear polarization, which refers to effects of internal

a point charge and that due to a uniform charge distribution, ,cjear degrees of freedom expressed in first- or second-

of radiusR, and order perturbation theory26]. Ericson and Hfner [27],
3 | show that the energy shift in high orbital angular momentum
k2 |2=i Zi (n—€-1)! efpp2€L2€+l(p)2 leptonic energy levels due to nuclear effects is dominated by
T4 na 2n[(n+¢)!]° n+¢ the polarizability shift. Thus other effects, such as strong

(8) interactions and form factors of the nuclear charges, may be

neglected when analyzing transitions at highUsing the
is the radial probability distribution for the muonic heavy- Fermi-function

hydrogen wave functions withp=2Zr/na,, and a,

=1/am, [25]. We now define the fractional finite-size en- B Po

ergy shift due to an increase in nuclear charge radius for p(r)= 1+exfd(r—c)/a]
comparison to the mass shift:

(10

with a=0.52 andc=(1.183A"*-0.353) to describe the
SAEq(IR) :AEnf(R0+ 6R) — AEn(Ro) 9) nuclear charge distribution, Rinker and Spg2B] calculated
En E, the nuclear polarization contributions to shifts in the muon
. . 6 . binding energy for a number of elements in the Periodic
whereR,=5.4 fm is the radius of thggFe nucleus andRis  Table. They show that fojSFe, this correction is effectively
the increase in the nuclear charge radius caused by the préshsent for muons in the 34 (or any highey excited states.

ence of a SIMP. o Since this is also the case fdiSe, we can presume that any
Making the standard approximation that the nuclear vol-

' : VPshift in the muon binding energy due to the addition of a
ume is proportional to thg number of nucleong6 gives autral SIMP toggFe is negligible.
6R/Ry=0.006 for the addition of aneutronto an 3cFe
nucleus. However, that approximation may fail for the addi- .
tion of a SIMP to the nucleus, hence we invoke the weaker C. QED corrections
assumptiondR/Ry<<0.1. Under this assumption, the frac- QED corrections arise from the interaction of the lepton
tional changedAE,(SR)/E, in the finite size effect for field with the quantized electromagnetic field. Two such ef-
states having #0 is at least an order of magnitude smaller fects are important: modifications of muon energy levels by
than the mass shifsee Table | and Fig.)2If =2, the finite  the emission and absorption of photons, and vacuum polar-
size effect itselfAE, ((Ry), is completely negligible. ization effects arising from the modification of the photon
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propagator by virtual pair creation and annihilatip26]. IV. CONCLUSIONS

Vacuum polarization corrections dominate over other QED \yio have shown that in muonic iron atoms, a SIMP of
corrections for muonic atoms, because of the large overlag,55¢ greater thar 100 GeVE? bound to the nucleus causes
between the nucleus and the muon wave fundi8}. Fora 5 0.294 shift in the muon binding energy which arises from a
hydrogen-like atom with a point nucleus the vacuum polarchange in its reduced mass. For states having angular mo-
ization correctiordE,, for an energy leveln, ¢) is given by mentum¢=2, interactions with the nuclear charge distribu-

[30] tion may be neglected, and if the atom is completely stripped
of electrons, the reduced mass shift is the dominant effect.
_ —Zag? , 4 7% This phenomenon provides a new test for the existence of
OBn¢= 157m> Se.ol tne(0)|*=— 157 ?m%e&,o SIMPs manifested as anomalous atomic isotopes. We see that
e (11) the proposed astrophysical test complements laboratory

searches for SIMPs by allowing limits to be inferred on

SIMPs of arbitrarily large mas#ls. Whereas laboratory
where ,,,(0) is the wave function o€ or u at the origin, tests are more sensitive for SIMPs of relatively low mass, the
andm, . denotesm,, or m,. It follows that for a point-like shift of spectral lines in 4-Fe) becomes more sensitive the
nucleussE,, =0 for states with¢ #0. However, we are in- larger the SIMP mass is, since the reduced mass correction is
terested in the changes #E,, when a SIMP is captured by more completely eliminated ad s—o. _
a finite nucleus. In this case the contribution d&,, no Muonic iron ions could be observed in the spectra of
longer vanishes fof #0, but it is greatly reduced. A calcu- nearby galaxy clusters and galaxies W|th'the high resolution
lation of the finite size effect on vacuum polarization wasSPEctrometers on board the next generagiery observato-

carried out by Arafung31], and by Browret al.[32]. Brown ries such as INTEGRAL. It is also likely that other muonic
calculates a shift of 0.1’1 eV for the 3g, s;tate.of ‘2‘8Ca atoms could be observed with the high-resolution spectrom-

eters planned for the next generation x-ray observatories

which corresponds to a fractional shift of such as ASTROE-2, XEUS and Constellation-X, and with
the instruments already operating on Chandra and XMM.

AEgep  0.11 eV Such a possibility is of crucial relevance for testing the ex-

= ~8.8X1077, (12 istence of SIMPs or even for inferring constraints on their

En 0.125 MeV presence in astrophysical environments. Moreover, it opens a

new window on the possibility of studying dark matter com-

whereE, is the nonrelativistic binding energy. Although the Position through direct astrophysical observations. It is ap-

fractional shift increases with Z, it is still less than 10 eV for giihgﬁj:t)e?smlrﬂi%ﬁe ;reall(tj SS&it?z:itr:?sphoynsﬁﬁlefefﬁhudrgn?;r%gll_
. 137 - - -

n=3 in g5'Ba. This leads to a fractional shift of properties of a possible dark matter particle.
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