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A b s t r a c t 

By using the Pytliia version of the Lund .Monte-Carlo. \vr have studied the 

photon yield of proton-proton collisions in the energy range between 10 GeV and 

10 TeV. The resulting photon spectrum turns ont to scale with incident energy. 

Then, by folding the energy spectrum of cosmic-ray protons with the distribution 

of HI and CO, the Galactic diffuse emission of 7-rays above 100 GeV has been 

mapped. Prospects for observing this diffuse background with forthcoming ground-

based Cerenkov detectors are quite promising. Finally, the 7-ray emission from a 

hypothetical nucleus of neutralinos at the Galactic center is shown to be swamped 

in the diffuse, background. 
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1 - Introduction. 

The difFuse 7-ray background provides a unique probe of the Galactic cosmic ray flux and 

the interstellar gas distribution. It is especially useful for studying the contribution to the 

Galactic hydrogen content of optically thick HI and cold, dense H2 . Diffuse 7-radiation 

has even been proposed as a probe of annihilating dark ma t t e r particles, either in the halo 

or concentrated in the Galactic bulge. Hitherto, observations of diffuse 7-radiation have 

been performed from space (SAS-2, COS-B, GRO). However it is also possible to observe 

diffuse Galactic 7-radiation tising ground-based arrays of Cerenkov light detectors. These 

observations would necessarily be at higher energies than those hi therto measured, for 

example by GRO. 

In this article we first recompute the diffuse gamma ray fluxes, paying particular 

attention to energies in the range between 10 GeV and 10 TeV. There is actually an 

energy gap between the GRO measurements ( ;$ 50GeV) and the Cerenkov observations 

( }t 200GeV). This range will soon be explored by decreasing, for instance, the energy 

threshold of Cerenkov telescopes. We then describe the future prospects for mapping 

the Galaxy at high energy, and for extracting any more exotic component to the diffuse 

radiation, such as the signal from annihilating halo or bulge dark mat ter . 

Three mechanisms are responsible for the existence of the gamma ray difFuse emission 

of the Galaxy. First , cosmic ray nuclei undergo spallation collisions with the interstellar 

material. Then, electromagnetic interactions of cosmic ray electrons with the Galactic 

gas lead to the production of bremsstrahlung 7-rays. Finally, ultra-high energ}' electrons 

may boost the energy of optical and infrared stellar photons through inverse Compton 

scattering. Above a few GeV, the first process is dominant. Section 2 is therefore devoted 

to a Monte-Carlo simulation of proton-proton interactions and their photon yield, mainly 

through 77° decays. In section 3, the 7-ray emissivity per hydrogen a tom undergoing 

spallation reactions with the Galactic cosmic ray nuclei is derived. The gamma ray difFuse 

emission of the Galaxy, above 100 GeV, is evaluated and mapped in section 4. We indicate 

how it may be derived for any energy in the GeV-TeV range. The detailed survey of this 

diffuse background is within reach of the forthcoming generation of Cerenkov arrays, 

provided their energy threshold is lowered to 20-30 GeV. Finally, Ipser and Sikivie (19S7) 

have advocated the possibility of a highly concentrated nucleus of neutralinos at the 
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Galactic center. Urban et al. (1992) have recently claimed that the resulting annihilation 

7-ray signal could be detected by Cerenkov telescopes. In section 5, we are less optimistic : 

this exotic emission is shown to be swamped by the diffuse Galactic emission. 

2 - High energy collisions. 

We have used the event generator Pythia (Bengtsson et al. 19ST) to investigate the 

production of photons restilting from the collision of high-energy protons \rith protons 

at rest. Such a process simulates the spallation reactions taking place in the Galactic 

gas, where cosmic-ray protons and nuclei interact with the interstellar material, mostly 

neutral (HI) and molecular (H2) hydrogen. The Pythia program is based on a Monte-

Carlo technique. We have generated 10,000 collisions for each incident proton energy Ep 

and obtained the photon yield and its spectrum. 

The program incorporates a variety of processes which, in our case, may be classi

fied in three categories. First, the non-pert urbative mechanisms include the elastic and 

diffractive scatterings. These reactions come into play mostly at low energies, around 

Ep ~ 1 - 100 GeV\ i.e., for a center-of-niass energy y/s ~ 1 — 10 GeV. Most, of the known 

resonances are therefore incorporated in the Pythia program at that stage. These states 

are important since they may decay into pions, and eventually into photons. At higher 

energies, protons behave as composite objects whose constituents, the quarks and gluons, 

interact with each other. The \isual dominant hard-QCD processes have been taken into 

account in the Monte-Carlo calculations. Final quarks or gluons are associated with col

ored flux tubes whose subsequent fragmentation and hadronisation give rise to jets. The 

7T°'s which they contain decay into photons. This sequence of reactions is the dominant 

mechanism for the production of -)-rays. Finally, prompt photon processes have also been 

implemented in the simulation. Photons may be directly produced by quarks or gluons, 

via reactions 

m ox gg-*gy or 77 and qg -+ q-y . (1) 

The main results of the Pythia Monte-Carlo are summarized in fig. la and lb . In the 

first graph, the differential spectrum dNy/dlnE^ is presented as a function of the photon 

energy. The three curves (a), (b) and (c) correspond respectively to an incident proton 
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energy Ep of 0.1, 1 and 10 TeV. Those curves exhibit a noticeable invariance with respect 

to the energy scale. Each of them may be deduced from the others by a simple shift in 

the photon energy. In fig. l b , the photon multiplicity Ar^(> £-,, Ep) above E-, = 10 GeV 

(a), 100 GeV (b) and 1 TeV (c) is plotted against the incoming proton energy Ep~ These 

results also are scale-invariant. 

An explanation of this peculiarity relies on the existence of a rapidity plateau for 

inclusive processes. The energy-momentum of any species produced during a collision 

may be completely specified in terms of the transverse mass m± 

m 7± = y/m* + pl , (2) 

of the rapidity y 

and of the angular position around the beam axis, with respect to which the transverse 

JIJ. and longitudinal pi components are defined. Taking advantage of this axial-symmetry 

and integrating out the transverse mass, the production cross section of any species may 

be obtained as a function of the rapidity y. In the frame where one of the initial protons 

is a t rest, the rapidity distribution da-/Ay of pions extends from y — 0 (particle at rest) 

up to 

ymax~ln(^\ . (4) 

It exhibits a remarkable plateau between // ~ 2 up to // ~ (ymax — 2), and is symmetrical 

with respect to 

; I V ^ \ 1/mar , - -, 
UCM ^ in ~ —— . (a) 

\m,,J 2 
Most noticeable is the invariance of the height of this plateau when the total energy y/s 

in the center-of-mass frame varies. As Ev increases, the rapidity distribution spreads out 

to larger values of ymaJ- but the magnitude of the plateau remains essentially constant. As 

a mat ter of fact, the differential spectrum of fig. la is the mere translation of the rapidity 

function for photon production 
*"•> oc ^ 1 . (6) dlnEy dy 

Therefore, if all the energies are rescaled by an overall factor of A, the high-energy portion 

of that spectrum is merely shifted in rapidity by the amount. Ay = ln\, hence the scale 
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invariance exhibited by the curves. In fig. lb , the rapidity distribution has been integrated 

to yield the photon multipliât}' iV-y(> E-y, Ep). The latter is the total number of photons 

above threshold i?-y, and is also a function of the incident proton energy Ep. As is clear 

on fig'- lb . it only depends on the ratio E^JEP. i.e.. 

N^XE^XEJuN^E^Ej,) . (7) 

3 - The photon yield of spallation reactions. 

The T-tay emissivity per hydrogen atom is obtained from the convolution of the photon 

yield per proton-proton collision with the spectrum of cosmic rays. From now on, the 

differential flux of protons or photons will be denoted by $(£"), and will be expressed in 

units of cm~2s~1 s r - 1 GeV - 1 . The integrated flux above energy E will be denoted by 

/

+ CO 
${E')dE' , (S) 

E 

and expressed in units of c m - 2 s _ 1 s r _ x . The differential lissivity IH per hydrogen atom 

is related to the proton-proton cross section crpp, the COM i lie ray proton flux $ p and the 

differential photon yield (dN^/dE-,) by 

IH(E.) = ]E^M>) [j^j e"%AEp)dEr , (9) 

and is expressed in units of s l sr x GeV l . The associated integrated emissivity above 

threshold Ey is defined by 

/ „ ( > E,) = y*°° app{Ep) J V , ( > E,, Ep) CA/ %{EP) dEp . (10) 

The spectrum of cosmic ray protons has been measured over a wide range of energies. 

Above 100 GeV, it is well described by a power law 

$ p ( £ ) = C ( l G e V / £ ) n . (11) 

Observations performed between 50 GeV and 2 TeV (Ryan et al. 1972) yield a magnitude 

of C = l.S c m - 2 s - 1 s r - 1 GeV - 1 and a spectral index of n = 2.75. Above 1 TeV and up to 
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200 TeV", balloon borne measurements are consistent with C = 1.75 c m - 2 s - 1 s r - 1 G e V - 1 

and 7?. = 2.73. The latter values have been used in our calculations, with a proton energy 

spectrum extending from 10 Gev up to 104 TeV. Note that in Berezinsky et al. (1993), the 

spectral index is also n = 2.73 whereas the magnitude of the total cosmic ray spectrum 

is assumed to be C = 1.59 c m - 2 s - 1 s r - 1 GeV - 1 , slight!}' below our value. 

Some heavy nuclei are present in cosmic rays. The interstellar medium (ISM) also 

is not composed solely of hydrogen. Between 20 and 500 GeV/nucleon, for energies in 

which we are interested, the spectrum of cosmic ray helium has been measured (Ryan ét

al. 1972) 

$ H e ( £ ) = (3.6 ± 0.6 x 10' c m - ^ s - ' s r - ' G e V - 1 ) (0.1 G e V / £ ' ) - " i a 0 ' " . (12) 

The inferred helium-to-proton ratio is ~ 0.04 in cosmic rays. Inelastic scattering of a 

proton beam on a nuclear target suggests that nucléons which are excited by the collision 

contribute only a half of the photons which they would yield, should thvre be free (Bialas 

et al. 1976). The global enhancement factor clue to the presence of the various species i 

in cosmic rays may be expressed as the sum 

fw s fe)L (?) fe) • 
The previous expression takes into account the increase in the inelastic cross section <T,-;J 

with respect to app. The number of nucléons impacted in a collision between a proton 

and a nucleus A,- is 

wip = 1 + fa) Ai , (14) 

assuming that their behaviour is incoherent. By summing over the various components 

i, the factor eA/ = 1.2 obtains (Gaisser 1992). Finally, there is also some helium in the 

interstellar matter. An ISM composed of 93% H and 7% He by number leads to the 

coefficient e*1 = 1.52, which we have incorporated in relations (9) and (10). 

In fig. 2, the emissivity I[j(Ey) of an hydrogen atom embedded in the cosmic ray proton 

flux (11) is plotted against the photon energy E-,. It decreases steeply, approximately like 

.Ey-2 ' '3. Actually, the total interaction cross section app increases slowly with energy, like 

a logarithm. Relation (7) implies that the emissivity / / / (> E) scales like 

/„(> XE) * 'J^JI , (15) 
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and is therefore proportional to the integrated flux of cosmic raj'' protons 

$p(>£) = -~r[E{l~n) - (16) 

OUT emissivity (solid line) compares fairly well with the value derived by Stecker (198S) 

IH(E) = (3.7 x 10~27 s"1 sr"1 GeV_ 1) (IGeV/E)2** , (17) 

which is plotted as the short dashed curve. Small differences arise from a somewhat 

harder cosmic raj' spectrum in our case for which the index is 2.73 instead of 2.S6, and 

from the fact that violations of scale-in\"ariance are naturally incorporated in the Pythia 

Monte-Carlo. In both cases, only nuclear interactions of cosmic rays with matter have 

been taken into account. The dotted, curve represents the bremsstrahlung emissivity due 

to cosmic ray electrons (Stecker 19SS; Bertsch 1993) 

IH(E) = ( U x l O - ^ s - ' s r ^ G e V - 1 ) (1 G e V / ^ f 3 . (IS) 

At high energy, this component is negligible. Around 1 TeV, we obtain a differential 

emissivity of ~ 2 x 10~35 s - 1 s r - 1 GeV - 1 which translates into the integrated emissivity 

1H{> E) ~ (1.2 x 10~32 s"1»!-"1) ( lTeV/E) 1 - 7 3 . (19) 

The conversion factor obtained by Berezinsky et. al. (1993) for the integral 7-ray flux above 

1 Tev is 6.02 x 10~ n c m - 2 s - 1 s r - 1 for an hydrogen column density of 1022 atom cm - 2 . 

If the differences in the cosmic ray flux and in the global coefficient eM are taken into 

account, otir result is only 45% larger than the emissivity calculated by Berezinsky et al.. 

In the next section, the integrated 7-ray emissivity above 50, 100 and 200 GeV will be 

set equal respectively to 19.6, 6.06 and 1.83 x (10 - 3 1 s _ 1 s r _ 1 ) . 

4 - The 7-ray diffuse background and its detection. 

The photon flux is obtained by folding the 7-ray emissivity with the total proton column 

density in the direction of observation 

* , = [jar nH[r) h;{r)) . (20) 
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We have assumed that the c l i n i c ray flux is homogeneous all over the Galaxy. This 

hypothesis is not completely correct, but is nevertheless sufficient as regards the accuracy 

of our estimates. As discussed by Bertsch et ni. (1993), we should underestimate the 

diffuse emission from the Galactic center by at most 50%- We will comment further on 

this point in the next section. 

In fig. 3a and 3b, the total hydrogen cohimn density is set equal to its Galactic center 

average, i.e., 5.0 x 1022 atom cm - 2 . The first plot displays the evolution of the photon-

to-proton integrated flux ratio above energy E, $-,(> E)/<bp(> JE1), for various values of 

the spectral index n of the cosmic ray emission. The magnitude C of the latter cancels 

out. This ratio depends moderately on the energy, for reasons meutionued in the previous 

section. This property turns out to be of some importance in what follows. The softer 

the proton spectrum, the lower the ratio. Since the integrated photon and proton spectra 

approximately scale with each other, the diffuse 7-ray background ^(E-^) has the saiue 

spectral index as the cosmic ray emission from which it originates. In fig. 3b, the ratio 

of the integrated fluxes above 100 GeV is presented as a function of the spectral index ?i. 

The same trend as in plot 3a appears. That ratio decreases with increasing values of n. 

The column density of neutral hydrogen (HI) is obtained from surveys at radio wave

lengths of the Galactic 21 cm hyperfine emission (see for instance Burton 19SS; Dickey 

and Lockman 1990). Molecular hydrogen H2 is not detected directly. It clusters in clouds 

and its distribution is inferred from the tracer molecule carbon monoxide (CO). The tran

sition between the rotation levels J = 1 —» 0 of the latter, detected at 2.6 mm, plays the 

role of the hyperfine transition for neutral hydrogen. We used the results of the Columbia 

survey (Dame et al. 19S7) which maps the integrated CO intensity, expressed in K k m s - 1 , 

along the line of sight, in a region of the sky extending from /) = —25 to +25 degrees. 

The conversion factor between the CO transition intensity and the H2 column density was 

taken from Strong tt al. (19SS) 

X = ^ ^ - = 2.3 x l 0 2 u molecules c m " 2 / ( K k m s - 1 ) . (21) 
Vvco 

A similar result has been obtained by Bertsch et al. (1993) with a factor X of 2 x 

1020 molecules cm - 2 / (K km s_ 1) . This calibration factor is a Galactic average value. 

In particular, it should not be used towards the Galactic center where very large and 

unusual values of the CO velocities suggest that molecular clouds may undergo signif-
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icant turbulence in that region. As those clouds may be less opaque than elsewhere, 

the proper conversion coefficient is presumably in the range between 5 x 1019 and 1020 

molecules cm"2 / (K km s - 1 ) (Bhat et al. 19S5). We therefore used a calibration factor 

X ~ 0.8 X 1020 molecules cm~ 2 / (K km s - 1 ) in the region extending over |Z| < 5 degrees 

and |&| < 2 degrees around the Galactic center. The total proton column density is even

tually derived by folding both HI and CO distributions together to get J V ( H I ) +2jV(H2). 

We disregarded the ionized HII component, which Bertsch et of. (1993) showed to be 

negligible. 

The expected flux of 7-rays above 100 GeV is plotted in fig. 4 as a function of Galactic 

latitude 6 and longitude /. The largest value of 9.1 X 10_,s cm - " s~! s r - 1 corresponds to the 

equatorial region close to the Galactic center. Most of the signal is concentrated inside 

the disk. Note that both Galactic arms are clearly visible in the direction of Cygnus and 

Vela. Any value below 10~10 c m _ 2 s _ 1 s r - 1 has been suppressed for clarity. As explained 

previously, the flux <!>-,(> E) scales with energy as E~lm'3. In order to determine the 

integrated photon emission above some energy E lying in the range between 10 GeV and 

1 TeV, the values mapped in fig. 4 should be multiplied by a factor of (lOOGeV/i?)1-73. 

Remember that the color code is logarithmic so that yellow translates into a flux of 1.3 x 

10~9 c m - 2 s - 1 s r - 1 . The differential 7-ray flux, expressed in units of cm~2s~1 s r - 1 GeV - 1 . 

obtains by folding our map with a multiplicative factor of 1.73 x 10 - 2 (lOOGeV/i?)2 '73. 

In fig. 5, the photon-to-proton flux ratio 

,,, n *. .(> 100 GeV) 

is mapped as a function of Galactic coordinates b and /. As already discussed, the ratio 

<*>{h, I) does not depend much on energy in the range between 10 GeV and 1 TeV (see 

fig. 3). Any value below 10_t1 has been cut-off. The color code is also logarithmic. 

Observation of 7-rays in the TeV range is now possible directly from the ground. When 

a high energy photon hits the upper atmosphere, it generates a Cerenkov shower whose 

associated light is directly visible by optical telescopes (Weekes 198S). The shower spreads 

on the Earth surface over a disk of ~ 120 m in radius, covering a surface of ~ 45,000 m2. 

The shower has a smaller extension than for a proton-induced event, making it possible a 

priori to disentangle photons from cosmic, ray nucléons. Energies can be determined with 

a 15 to 20% accuracy. Cerenkov detectors are undergoing significant development. They 
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have successfully found a few point sources (Weekes et al. 1989; Goret et al. 1993; Bâillon 

et al. 1993). Their effective collecting area is actually very large and coidd be further 

increased by expanding the array of ground telescopes which trace back the shower light. 

Such an upgrade of the existing detectors would also lowrer the energy threshold. 

The number of 7-rays of the Galactic diffuse emission, detected by an Atmospheric 

Cerenkov Telescope (ACT) of the same calibre as Asgat (Goret et al. 1993), Themistocle 

(Bâillon et al. 1993) or Whipple (Weekes et al. 19S9), is a function of the effective area 

i> of detection, of the angular aperture fi and of the exposure time T 

«>*> - i-Pb- {0\ u iv f" ( ^ ) Q ( ^ ) . 
(23) 

As the ground is illuminated by the shower around the impact point up to distances of 

approximately 120 m, the effective surface of detection is much larger than the total area 

of the collecting mirrors. For an ACT with a set-up similar to the Granite experiment at 

the Whipple Observatory, S is as large as 63,000 m2 when the two telescopes, each 10 111 

in diameter, are used independently. The angular resolution reaches down to 3 X I0~a sr. 

Because high-energy photons are detected within a cone whose half-angle is ~ 1.5 degree, 

the angular acceptance is f) ~ 2.1 x 10 - 3 sr. Note that a total of 100 hours of exposure 

time per year is already considered as excellent. The amount of 7-rays which such a device 

would collect during a one hour period time, per square degree and originating from the 

Galactic center region where é(b, /) > 9 x 10~;> (see fig. 5), may be expressed as 

A M > E ) >n photons ( j ^ ) " " 3 , (24) 

and depends sensitively on the threshold energy E. In fig. (i. this number is mapped as 

a function of Galactic latitude and longitude, for three values of E. Most of the signal 

is concentrated in the Galactic disk, towards the center. The peak value corresponds 

to <p(b,l) 21 2.59 x 10~4. By decreasing the energy threshold of the detector, the signal 

considerably improves as more and more features become apparent. Above 200 GeV, the 

Galactic center is barely visible whereas, for a 50 GeV threshold, a significant portion of 

the disk shows up. Note that the angular acceptance of the Whipple ACT covers 7 square 

degrees, so that the maximum amount of collected photons is respectively 1400, 440 and 

130 for the three maps (top to bottom). The scale is logarithmic. The orange contour, 
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sitting at the middle of the color code, translates therefore into a number of \/203 ~ 14 

7-rays. 

The background to this Cerenkov signal is twofold. To commence, a small fraction 

of the showers induced by cosmic ray protons are misinterpreted and recognized as rloc-

tromagnetic events. For point-like sources, the Whipple ACT can make use of its two 

telescopes in coincidence. Stereoscopy allows for better recognition of hadrons, with a 

rejection factor of 103. The energy measurement is also improved but the effective col

lecting area decreases down to 18,000 m2 . In the case of diffuse emission where the two 

mirrors are used independently, approximately 3% of hadronic cascades will be recorded 

as high-energy photons. Below 200 GeV, protons generate muons which may fall close 

to the detector. The corresponding Cerenkov emission takes the form of rings which are 

fairly easy to identify, hence a better rejection efficiency of ~ 100. Cosmic ray electrons 

also initiate electromagnetic atmospheric showers in just the same way as photons do. 

Even if proton rejection was perfect, the background would mostly originate from events 

induced by cosmic-ray electrons. The flux of the latter has been measured between 30 

GeV and 1 TeV (Nishimura et al 19S0) 

$ e ( £ ) = (6.4 x 10"2 cm- '^s -^s r - 'GeV- 1 ) ( lGeV/£) 3 - 3 ± 0 - 2 . (25) 

Around 100 GeV, it contributes less than 0.3% to the total cosmic ray flux and has a 

harder spectrum. We therefore estimate that ~ 3% of cosmic ray protons make up the 

background unless hadron rejection is so good that electrons start to come into play. In 

the first case, the signal-to-noise ratio "R of the Galactic diffuse emission is 

* ~ o.o2 [*M] (_Lr u s , œ (_£_V'2 f^V'2 (-5-V" (20) 
K \ 10-5 J llOOGeV/1 l l O ' c m V \l\J V l 0 - 3 s r ; ' [ ' 

whereas, il electrons dominate the background, i t becomes 

\ 10-r' J V100GeV/ U 0 8 c m V V l l J U 0 ~ 3 si7 ' 

The noise is merely the square root of the number of misidentified cosmic rays. In the 

case of fig. 6, the maximum value of 1Z is respectively equal to 3.5 a (50 GeV), 1.9 <x (100 

GeV) and 1 a (200 GeV), assuming that, the noise is reduced over the entire field of view 

of 7 square degrees. 
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The central part of fig. 5 delineated by the yellow contour corresponds to <f>{b, I) > 

9 X 10"5. Observation of the diffuse 7-ray émission from that region by an ACT of the 

Granite caliber will require a lot. of exposure time. Assuming the same specifications as in 

fig. 6 and a threshold energy of 200 GeV, we infer that ~ S hours will be necessary to reach 

a signal-to-noise ratio of 1 while imaging a t the 3 cr level could be obtained in 68 hours. 

Mapping the Galactic center is therefore feasible but requires one year of observation. 

For the Cerenkov Array at Themis (CAT, see Degrange, B. et al. 1993), conditions 

are already met for a 200 GcV threshold whereas the long term aim is 20 to 30 GeV. 

The CAT experiment will have 50, Q0O in2 of collecting area and an angular aperture of 

2 x 10 - 3 sr. Imaging at the 3 <r level of the same region as above would be reachable by 

CAT in 92 hours for a threshold of 200 GeV, if the telescope was located in the southern 

hemisphere. In its late stage when the threshold is lowered down to 20 GeV, less than 2 

hours would be necessary, making it possible to survey the diffuse emission of a significant 

portion of the Galactic disk. CAT would then collect a signal of more than ~ 2S0 photons, 

each hour, per square degree. 

Further ACT observations of the 7-ray emission from the disk will require large col

lecting areas. A survey at the 3 a level of the portion of fig. 5 contained inside the blue 

region ((f>(l>J) > 10 - r ' ) , for short exposure times of order one hour, translates into 

Reducing the energy threshold E turns out to be of paramount importance. The future 

of ACT lies in large arrays of telescopes, with mirrors used in coincidence to lower the 

threshold and to reject more efficiently hadron showers, hi relation (2S), the background 

is assumed to consist only of cosmic ray electrons. For a 20 GeV threshold, the detailed 

survey of the Galactic disk will require a surface of 1 km2. Note that there are projects 

of large scale cosmic-ray detectors of the same size, such as the MILAGRO observatory 

(see for instance Sinnis 1994). 

In the case of satellite-borne devices, the background is easier to tackle but the effective 

area S is way smaller. It is 101 cm2 for the Gamma-Ray Large Area Silicon Telescope 

project (GLAST see Michelson 1993). The efficiency of proton rejection, 5 x 104, is quite 

large. Particle energies are measured in the range between 20 MeV and 1 TeV. The 
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number of photons collected in one live year of operation turns out to be 

per square degree. Observation of the central region of our Galaxy is therefore possible, 

but on a much longer period than for an ACT with a low energy threshold. 

5 - The search for TeV dark mat te r particles. 

A large portion of the mass in the universe is invisible. Its nature is still an open question. 

An exciting possibility is provided by the so-called weakly interacting massive particles 

(WIMP), i.e., species with a mass between 100 GeV and a few TeV whose interactions with 

matter are so tenuous that gravity takes over. These particles annihilated long ago during 

the early stages of the big bang. Their ashes turn out to have an abundance consistent 

with the observed dark matter, hence the ongoing efforts to detect them. Actually, their 

present mass density flx, expressed in units of the closure density, is related to their 

annihilation cross section < cr.iV > 

where h is the Hubble constant expressed in units of 100 km s _ 1 Mpc"1 . In supersymmetric 

theories, the annihilation cross section is such that the relic abundance Q x may reach unity. 

At very high temperatures, these particles were in thermal equilibrium, but because 

they have weak interactions, they decoupled from the rest of the universe. They are 

believed to seed the formation of galaxies, around which they form extended haloes. In 

the case of our Galaxy, their density profile can be expressed as a function of the radius r 

Px{r)/px{r®) = («2 + 4 ) / («2 + '-2) » (31) 

with a solar neighborhood value pQ ~ 0.3±0.1 GeV cm"3 . In most models, the core radius 

of this dark halo lies in the range between 2 and S kpc, to be compared with the distance 

r© ~ 8.5 kpc of the Sun to the Galactic center. The species \ still undergo continuous 

annihilation, at a much smaller pace than during their primordial processing in the early 
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universe. Their present annihilations cannot deplete them, but, could induce a potentially 

detectable signal. The WIMPs mainly annihilate into quark-antiquark pairs whose sub

sequent hadronization parti}7 produces high-energy photons. Urban et al. (1992) have 

recently argued that if WIMPs were tightly packed at the Galactic center, observation of 

that region using ACT techniques would unravel their presence. These authors neglected 

the diffuse emission from the Galactic center, a point which we discuss now. 

For haloes with a core radius a ~ a few kpc, the WIMP density is so low that the 

gamma-ray signal is swamped in the diffuse Galactic background. However, in some 

models, the dark matter density is strongly enhanced towards the Galactic center with 

respect to its local value. Rotation curves indicate the presence of a massive nucleus at the 

center of our Galaxy, with mass of ~ 0.7 x 10tu M 0 on a scale of a few 100 pc. Dark matter 

could be much more concentrated in the vicinity of this central component as a result of 

the strong gravitational attraction of the latter. Assuming that dark matter follows an 

isothermal distribution, Ipser and Sikivie (1987) have shown that its density could reach 

extremely large values between 30 GeV c m - 3 and 1 TeV cm - 3 , with a typical extension of 

order 120 to ISO pc. Annihilations of the dark matter species would result in a strong 7-

ray emission in the direction of the Galactic center, extending over a few square degrees. 

Note that Silk and Bloemen (1987) have pointed out that the amount of dark matter 

near the Galactic center is severely constrained by the COS-B satellite observations of 

the 7-ray flux in the energy range between 300 MeV and 5 GeV. However, no observation 

above 100 GeV invalidates the isothermal model of Ipser and Sikivie, provided the dark 

matter particles are heavy, with mass ranging from 0.1 to a lew TeV. 

The photon flux on Earth resulting from the dark matter annihilations taking place 

inside the above-mentionned highly concentrated spherical region near the Galactic center 

may be expressed as 

*$(> E) = < l A \ > N,{> E) f <Pr K ( r ) / m v } 2 . (32) 

The photon multiplicity per annihilation, with energy exceeding E, is denoted by N^(> 

E). Since annihilations mostly produce quark-antiquark pairs whose flavour does not 

affect much the photon yield (Bengtsson ci al. 1990), N^(> E) is fairly insensitive to 

the nature of the dark matter species. Urban et al. (1992) found that Ny{> £ ) / m J is 

approximately constant over the mass range between 0.4 and 4 TeV. They respectively 
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derived a value of ~ 0.4 and 0.1 TeV 2 for an energy threshold of 100 and 200 GeV. The 

parameter V of Ipser and Sikivie (19S7) is defined by 

*? K O ) } 2 = ~ (ISOpc)3 0̂
2 V , (33) 

r<150pc O / 

where the mass density p0 is ~ 31 GeV cm 3 . We therefore infer a photon flux at the 

Earth of 

• ? ( > E) * (1.0 x 1 0 - " » - T ' ) A y > E) p - ^ ) ' ( J 5 _ ) . (34) 

An ACT similar to the Granite experiment and pointed towards the annihilating dark 

matter region at the Galactic center would collect 

N* a 9.5 x 10"2 photons ( ^ - r j ) , (35) 

per hour of observation, above 100 GeV. This signal would cover 2 to 4 square degrees 

and should be compared to the Galactic diffuse background, of more than 21 photons per 

square degree as implied by relation (24). Note that the CDM annihilation signal and 

the Galactic diffuse emission both vary on the same angular scale of ~ 1 degree. They 

cannot be disentangled straightforwardly from each other. On the contrary, cosmic ray 

electrons and protons are fairly isotropic, hence a constant value of their contribution 

to the background over the entire field of view. Requiring that its annihilation signal 

be twice as large as the diffuse emission, we conclude that an hypothetical dark matter 

nucleus at the Galactic center would be visible by ACT techniques as long as 

V > 1300n xh 2 . (36) 

The largest value of T> ~ 390 in Ipser and Sikivie (1987) translates into flv/i2 < 0.3. 

Therefore, if dark matter reaches closure density, its annihilation signal will be buried in 

the diffuse emission from the Galactic center. Note that depending on the model, V runs 

from 0.3 to 390. Paradoxically, the neutralinos of the Galactic center are detectable by 

an ACT only if they do not contribute much to the large-scale dark matter. 

If such a detection was claimed, alternative explanations could account for an en

hancement of the 7-ray diffuse emission at high energy. In our estimates, we used the 

conservative value A' = S x 1010 molecules cm - 2 / (K km s"*1) for the H2-CO conversion 
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factor, a third of the Galactic average. That value has been derived from comparison 

between the 7-ray flux and the CO line intensity, for photon energies ranging from 300 

MeV to 5 GeV. An interesting possibility suggested by Bloemen (1989) arises from the 

difficulty that GeV protons may have in penetrating the clouds lying in the vicinity of 

the Galactic center. The latter, for instance, could produce a wind which would prevent 

low-energy particles from approaching. A deficiency in the low-energy part of the cos

mic ray spectrum would be naturally induced with respect to the local cosmic ray flux. 

At high energies, cosmic ray nuclei would not be affected. The correct value of A', for 

energies around 100 GeV, could be therefore much larger than what has been acsumed 

in section 4, leading to an enhanced diffuse gamma ray flux towards the Galactic center. 

Alternatively, cosmic, rays could be anomalously enriched in heavy elements, and hence 

have a global enhancement factor eA/ larger than the normal value. Note that above 2 

TeV per nucléon, an overabundance of cosmic ray helium by a factor of 2 has been found 

by comparing the observations with the low-energy extrapolations (Burnett et al. 1990). 

Such an enrichment, observed locally at high energy, could lead to strong gamma ray 

emission from the L.alactic center and mimic the presence of neutralinoc. 

In summary, an estimate 01 the 7-ray diffuse background for eneigies between 10 

GeV and 10 TeV has been presented here. We have shown that the emission from the 

central region of the Galactic disk is within reach of the forthcoming Cerenkov telescopes 

like CAT. Lowering the energy threshold is of paramount importance. The photon flux 

steeply decreases with energy with the same spectrum as the cosmic rays from which 

it originates. The signal-to-noise ratio also improves when the threshold is decreased. 

The next step, a detailed survey of a large portion of the disk, will require a collecting 

area of order 1 km2. Such large instruments may be a plausible alternative to costly 

satellite-borne detectors. Determination of the Galactic diffuse emission is mandatory. 

The latter is actually a potential background to point-like sources. For instance, the 7-

ray annihilation signal of hypothetical neutralinos clustering at the Galactic center turns 

out to be swamped by this diffuse emission. Unlike Urban ct al. (1992), we conclude 

that such an exotic source of gamma rays is not likely to be detectable by atmospheric 

Cerenkov arrays, unless the neutraliiios do not. contribute much to the dark matter and 

are no longer cosmologically relevant. 
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Figure Captions 

Fig l a : The 7-ray differential energy spectrum dNyfdlnEy is presented as a function 

of the photon energy, for three values of the incident proton energy : ET = 100 GeV (a), 

1 TeV (b) and 10 TeV (c). 

Fig lb : The 7-vay multiplicity Ny(> Ey,Ep) above the photon energy threshold Ey 

= 10 GeV (a), 100 GeV (b) and 1 TeV (c) is plotted as a function of the incoming proton 

energy Ev. 

Fig 2 : The differential emissivity Iu(Ey), expressed in units of 10 - 3 0 s - 1 s r - 1 GeV - 1 , 

is plotted against the photon energy Ey (solid line). The short dash curve corresponds 

to the calculations by Stecker (19SS). Both results take only into account nuclear inter

actions of cosmic ray nuclei on the interstellar material. The dotted curve stands for the 

Bremsstrahlung emissitivity which is negligible. 

Fig 3a : The photon-to-proton integrated flux ratio, $->(> E)/$p(> £ ) , does not vary 

much with respect to the threshold energy E. Four different values of the spectral index 

?!. of the cosmic-ray spectrum have been presented. The total hydrogen column density 

corresponds to the Galactic center average value, i.e., 5. x 1022 atom cm - 2 . 

Fig 3b : The photon-to-proton integrated flux ratio above 100 GeV is featured as a 

function of the spectral index n. The total hydrogen column density has the same value 

as in fig. 3a. 

Fig 4 : The diffuse emission flux of 7-rays above 100 GeV is plotted as a function of 

Galactic latitude and longitude. Any value below 10~iO c m - 2 s - 1 s r - 1 has been suppressed. 

The integrated flux $>y(> E) scales with energy as Z?~1-'3. The color code is logarithmic, 

so that yellow corresponds to 1.3 x 10~9 cni~2s_ 1 s r - 1 . 

Fig 5 : The photon-to-proton flux ratio $.,(> 100 GeV)/$, , (> 100 GeV) is mapped in 

Galactic coordinates. As discussed in section 4, it varies little with energy. Any value 

below 10 - 6 has been cut-ofF. The color code is logarithmic. The region delineated by the 

yellow contour corresponds to a ratio larger than 9 x 10 - 5 . 

Fig 6 : The number of high-energy photons which a Whipple-like telescope could 

collect, within one hour, per square degree, is mapped in Galactic coordinates. The 
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effective area of detection is 63,000 m2. The photon energy threshold has been respectively 

set equal to 50, 100 and 200 GeV for the three maps. Note that the angular acceptance 

of the telescope corresponds to 7 square degrees. The logarithmic color code is the same 

for the three plots. 
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