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The reliable extraction of information from the two-proton correlation functions measured in heavy-ion
reactions is a long-standing problem. Recently introduced imaging techniques give one the ability to recon-
struct source functions from the correlation data in a model independent way. We explore the applicability of
two-proton imaging to realistic sources with varying degrees of transverse space-momentum correlations. By
fixing the freeze-out spatial distribution, we find that both the proton images and the two-particle correlation
functions are very sensitive to these correlations. We show that one can reliably reconstruct the source func-
tions from the two-proton correlation functions, regardless of the degree of the space-momentum correlations.

PACS numbegs): 25.75.Gz

The sensitivity of the two-proton correlations to the nique especially in the light of the ongoing experimental
space-time extent of nuclear reactions was first pointed oyerograms at the Synchrotron for Heavy Iai®S), Alternat-
by Koonin[1] and later emphasized by many authgzs5].  ing Gradient SynchrotrotAGS), and Super Proton Synchro-
Since then, measurements of the two-proton correlation§On (SPS, as well as upcoming experiments at the Relativ-
have been used along with pion correlation data as a probe &iic Heavy lon ColliderRHIC). , ,
the space-time properties of the heavy-ion collisiios the N this Rapid Communication, we will study the applica-
review of recent experimental results of two-particle interfer-Pility of proton imaging to realistic sources with transverse
ometry sed6—8], and references thergimA prominent “dip §pac§-momentum correlations. In particular, we explore how
+peak” structure in the proton correlation function is due tof r—pr correlationsdirectly affect the proton sources and,
the interplay of the strong and Coulomb interactions alondence, the shapes of the experimentally observable correla-
with effects of quantum statistics. Because of the complexion functions. Here r and p; are the transverse radius and
nature of the two-proton final state interactions only modeltransverse momentum vectors, respectively, of a proton at
dependent and/or qualitative statements were possible in préhe time when it decouples from the systéfreeze-out It
ton correlation analysis. Typical@—-13, the proton source has been argued in the pif20] and protor{5] cases that the
is assumed to be a chaotic source with Gaussian profile thapparent source siz@r the effective volumedecreases as
emits protons instantaneously. For simple static chaoti¢ollective motion increases. We will verify this expectation
sources, it has been shoyh—4] that the height of the cor- and show that one can reliably reconstruct the source func-
relation peak approximately scales inversely with the sourcéion, even in the presence of extreme space-momentum cor-
volume. Heavy-ion collisions are complicated dynamic sys+elations. The outline of this Rapid Communication is as
tems with strong space-momentum correlatidssich as follows. First, we briefly describe the imaging procedure
flow) and a nonzero lifetime. Hence the validity of the as-used to extract the source function from experimental corre-
sumptions behind such simplistic sources is questionable. Ilations. We will discuss proton sources, but most of our ar-
order to address the limitations of this type of analysisd  guments and conclusions are valid for any two-particle cor-
to incorporate collective effegtssome authorgs,13,14 uti- relations. Next, we describe how we implement the varying
lize transport models to interpret the proton correlation funcdegrees of space-momentum correlations using the Relativ-
tions. Although this approach is a step in a right direction, itistic Quantum Molecular DynamidRQMD) model. Finally,
is still highly model dependent. we will discuss the influence of these correlations on the
Recently, it was shown that one can perform model-proton correlation functions and imaged sources. Since we
independent extractions of thentire source functionS(r) can also construct the sources directly within RQMD, this
(the probability density for emitting protons a distance serves as a more demanding test of the imaging procedure
apar} from two-particle correlations, not just its radii, using than has been performed to date.
imaging technique$15-18. Furthermore, one can do this  With imaging, one extracts the entire source functgn)
even with the relatively complicated proton final-state inter-from the two-proton correlation functiorG(q). Here the
actions and without making argy priori assumptions about source function is the probability density for emitting pro-
the source geometry or lifetime, etc. First results from thetons with a certain relative separatiamthe pair center of
application of imaging to the proton correlation data can bemass (c.m.) frameThe source function and the correlation
found in Refs[15,16,19. While these results look promis- function are related by the equatiph,21]
ing, tests of the imaging technique have only been performed
on static(Gaussian and non-Gaussiaources. It is impor- 1 F 2
tant to understand the limitations and robustness of this tech- Cla)-1 47TJ0 drrk(@.ns(n W
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In Eq. (1), q=_% V(p1— pz)z_ is the invariant relative momen- the integral in Eq(1) averages to zero. We can estimatg
tum of the pairy is the pair c.m. separation after the point of directly from the correlation function ag,, is roughly the
last collision, ancK is the kernel. The kernel is related to the momentum where the correlation goes to one. Nevertheless,

two-proton relative wave function via for the imaging in Eq(1) to be unique, one must require that
1 the q dependence of the correlation comes from the kernel
K(g,r)= 5 > (2] +1)(g}'sl(r))2—1. (2)  Vvalue alone, and Eq5) seems to indiciate that the source
jsll’ itself has aq dependence. In practi&r,q) only has a weak

ﬁ dependence fog=gq,, and this dependence may be ne-
glected[21,5].

Since S(r) is the probability density for finding a pair
with a separation of emission points one can compute it
REID93[22] nucleon-nucleon and Coulomb potentials. directly from the f.reeze-out phase-space Qistribution given

Because Eq(l) is an integral equation with a nonsingular b_y some model. First one scans through this freez_e—qut den-
kernel, it can be invertefll5,16. To perform the inversion, Sity of protons, then histograms the number of pairs in rela-
we first discretize Eq(1), giving a set of linear equations, tive distance in the c.m., and finally normalizes the distribu-
Ci—1=3}L,K;;S;, with N data points andl source points. tlon: 4mfdrr?S(r)=1. As mentioned above, only low
Given that the data has experimental ei&@; , one cannot 'elative momentum pairs may enter into this histogram as the
simply invert this matrix equation. Instead, we search for the<ernel cuts off the contribution from pairs with™ qc.

Here g}'s are the relative proton radial wave functions for
orbital angular momentgl’, total angular momentui and
total spins. In what follows, we calculate the proton relative
wave functions by solving the Schiimger equation with the

source vector that gives the minimup3: In our studies we used the relativistic quantum molecular
dynamics(RQMD) model[24]. It is a semiclassical micro-
M 2 scopic model which includes stochastic scattering, classical
N (C.—l—El Kusj> propagation of the particles. It includes baryon and meson
2=, o ) (3)  resonances, color strings, and some quantum effects, such as
=1 (AC))? Pauli blocking and finite particle formation time. This model

has been successfully used to describe many features of rela-
tivistic heavy-ion collisions at AGS and SPS energies. Our
S=(K'BK) KTB(C—1), (4) approach i§ as follows. First we take the freeze-out phase
space distributions generated by RQMD and we alter the
whereKT is the transpose of the kernel matrix aBds the  orientation of transverse momentum relative to the transverse
inverse covariance matrix of the daBy,; = §;; /(ACi)Z. In radius, obtaining a subset of the phase space points. Follow-
general, inverse problems such as this ondlapesedprob-  ing this, we use the Lednicky-Lyuboshif3,25 method to
lems. In practical terms, small fluctuations in the data carconstruct the proton-proton correlation function. This
lead to large fluctuations in the imaged source. One camethod gives a description of the final state interactions be-
avoid this problem by using the method of optimized dis-tween two protons, including antisymmetrization of their
cretization discussed in Ref16]. In short, the optimized relative wave function. Finally, using the imaging technique
discretization method varies the size of thebins of the  described above, we compute the proton source functions.
source(or, equivalently, the resolution of the kern@ mini-  \we used~4000 simulated events of 4 GeV/nucleon Au-Au
mize the relative error of the source. reactions with impact parametbr=3 fm. We utilized only

The source function that one reconstructs is directly repajrs in the central rapidity region witly|<0.3 and applied
lated to the space-time development of the heavy-ion reag;q cut on transverse momentym.

The source that minimizes thjg is (in matrix notation:

tion in the Koonin-Pratt formalisriil,21,23: We consider three different degrees of alignment between
) the transverse positioﬁr and the transverse momentLﬁm
S(r,q)zf erf dtldtzf d°rR of each proton used to construct the correlation function.
a4 These alignments are implemented in the same manner as in

Ref.[26]:

(1) We orientpy at a random angle with respect tg.
We refer to this as the random case. One can think of this
normalized single-particle sources in the pair c.m. frame an§2se€ as being “thermal” as the transverse flow component is

they have the conventional interpretation as the normalizeﬁomplete'y removed. _ .
phase-space distribution of protons after the last collision (2) We do not change the orientation pf. We refer to

(freeze-out in a transport model. In computin§(r,q) in a this case as.theaunntlodllﬂed case. _ .
transport model, one does not need to consider the contribu- (3) We alignpy with ry and refer to this as the aligned
tion of large relative momentungé q.,) pairs to the source ¢ase. One can think of this case as one of extreme transverse
as the kernel cuts off the contribution from these pairs. Thelow. _ _

kernel does this because it is highly oscillatory, while the ~Note that the rotation occurs in the rest frame of the col-
source varies weakly on the scale of these oscillations anliding nuclei. In all cases, we only rotate: so these proce-

XD(R+r/2t,;9)D(R—r/2t,:—q), (5

whereq=3(p;—p,), makingq=|q|. Here theD’s are the
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FIG. 2. Sketch of single particle sources at central rapidity,
looking in the beam direction for the aligned cdkdt) and random
case(right). The small circles represent the protons and the arrows
represent their transverse momentum vectors. The areas outlined
with the dashed lines represent regions where we find pairs with
small relative momentum.

S{r) [fm-3]

r [fm] all pairs with a relative momentum smaller thagg,= 60
MeV/c. We explored a range dajf, of 60—100 MeV¢, all

_FIG. 1. Upper panels:_Ongma(lgohd symb.°|$ and restored beyond the point in the correlation where it is consistent with
(histogram proton correlation functions for different degrees of
one, and found no cutoff dependence.

space-momentum alignment. The error bars in the original correla- .
In all cases we see a general agreement of the imaged

tion functions are from the limited statistics of the RQMD runs. ith the | lati : tructed
Lower panels: Reconstructed sour¢bistogram and source com- ZpurilestI Re 'a\g rel a 'VS m?meﬂ UT tsr?urcesl.consf rtuhc €
puted directly in RQMD(solid symbol$ for the different degrees of ir‘:::;ir?/g ;Onrg th(e? nur:r'le?ic(iarl :trab?lit(;/ i? the ?n?/:?slitgnoprocee
alignment. < ) B
dure, the two-proton correlation functions were calculated
_ o using the extracted relative source functions shown in the
dures do not change the spatial distribution at freeze-oujqer panels in Fig. 1 as an input for E). The result of
However, it is clear that these procedures do change thg,ch a “double inversion” procedure is shown in the upper
phase-space density. , _panels in Fig. 1 with solid circles. The agreement between
The upper panels in Fig. 1 show the correlation functiongpe measured and reconstructed correlation function is quite
for the three different cases. It is clear fr_om the figure tha_tgood, confirming that imaging produces numerically stable
the degree of space-momentum correlation has a strong i%g unbiased results.
fluence.on the c_:orrelation function; the peak height of. Fhe In conclusion, we have explored the applicability of pro-
correlation function changes from about 1.45 for unmodifiedyy, imaging to realistic sources with transverse space-
RQMD to about 2.2 for the aligned case, and 1.2 for theyomentum correlations. By fixing freeze-out spatial distribu-
randomized case. We would like to stress again that in alfion and varying the degree of transverse space-momentum
cases the spatial part of the source, e.g., “radius” or "Vol-¢orelation we found that both the images and the two-
ume,” remains unaltered as does the transverse momentugy, icle correlation functions are very sensitive to these cor-
spectrum and rapidity distribution of protons. Hence, the Upse|ations. In particular, we have shown that the source func-
per panels of Fig. 1 illustrate the danger of ignoring spaceion narrowsi.e., the probability of emitting pairs with small
momentum correlaﬂong When analyzing correlation data.  g|ative separation growsnd the peak of the proton corre-
In the lower panels in Fig. 1 we show the proton source§yiion function increases as the degree of alignment in-
obtained with the help of the imaging procedure outlinedgreases. Finally, we have demonstrated that one can reliably
above. Note that, as the degree of alignment incre@®88g  yoconstruct the source functions even with extreme trans-
frpm right to lefy, the source function becomes narrower and, grse space-momentum correlations. We would like to point
higher. o _ out that the effects of space-momentum correlations should
One can understand this shift to lower separations by thge even more pronounced in the shapes of three-dimensional
way it is sketched in Fig. 2. In the aligned case, it is morey4t0n sources. Note that three-dimensional proton imaging
probable that nearby protons have a small relative momeng ow possiblg27].
tum . In the random case, any pair can have a small An important direction for the future is a detailed study of
regardless of their separation. Given that the kernel cuts off,o change of the phase-space density and entefsacted
co_ntrlbutlons fr_om pairs with largeg, we expect that the__ from imaged sourcell5]) with the varying degree of space-
aligned case will have a narrower source than the unmodifiegh o mentum correlation. Such work should provide informa-

case and the unmodified case wiI_I have a narrower SOUrcgon complementary to ongoing studies in the pion sector
than the random case. Also, in Fig. 1 we have shown th?zs]_

sources constructed directly from the RQMD freeze-out dis-
tribution following Eg.(5). In these sources, we considered We gratefully acknowledge stimulating discussions with
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