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Isospin-sensitive observables as a probe of proton transition momentum in
the HMT"
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Abstract: Based on the IBUU transport model, the effect of proton transition momentum on collective flows is stud-
ied in *Ca + 4OCa,mSn + HZSn, and ""Au+ "

parameter b = 6 fm. It is found that in a neutron rich system, the difference between neutron and proton elliptic flow

Au collisions at an incident beam energy of 400 MeV/4 with impact

is largely affected by the proton transition momentum. At beam energies around (and particularly below) the pion
production threshold, the 7~ /7" ratio is greatly sensitive to proton transition momentum in asymmetric nuclear mat-
ter. This study may help us to understand the nucleon momentum distribution in nuclei, which is important for the

equation of state of asymmetric nuclear matter, such as neutron stars.
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1 Introduction

Analysis of high-momentum transfer experiments
suggests that 20 % of nucleons can form pairs in nuclei
with high nucleon momentum due to short-range interac-
tion [1—6]. Moreover, short-range correlated (SRC) pairs
are strongly isospin-dependent, i.e., n-p pairs account for
approximately 90 %, whereas p-p and n-n SRC pairs ac-
count for approximately 10 % [3, 6]. Because in neutron-
rich nuclei the fractions of high-momentum protons and
neutrons are inversely proportional to their relative frac-
tions (x, or x,) in the nucleus [7, 8], neutrons move
slower than protons on average.

In recent years, the np dominance of SRC pairs has
attracted much attention [9—18]. The high-momentum
distribution of nucleons in neutron-rich nuclei is import-
ant for understanding the cooling rate and equation of
state of neutron stars [19]. It has been demonstrated that
the neutron excess in asymmetric nuclear matter or neut-
ron stars (contains only about 5%—10% protons) could af-
fect the distribution of high-momentum protons dramatic-
ally [8]. However, these studies mostly focus on issues
such as how unalike fermions form such SRC pairs and
the structure of protons and neutrons [20]. The proton
transition momentum, i.e., starting point of 1/k*, is sel-
dom mentioned. Dose it start from its own Fermi mo-
mentum or the correlated majority neutron Fermi mo-
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mentum? In symmetric nuclear matter, proton Fermi mo-
mentum is almost equivalent to that of neutrons [21].
However, in asymmetric nuclear matter or in neutron
stars, neutron Fermi momenta are higher than those of
protons [22]. High-energy electron-scattering  experi-
ments showed that the n-p SRC pairs have large relative
momenta and small center-of-mass momenta in both bal-
anced and imbalanced systems [3, 6], which means neut-
rons and protons should have almost identical mo-
mentum in the HMT. Thus, protons with 1/k* distribu-
tions should not start from their own Fermi momenta.

In this work, we will use nucleon transverse flow,
isospin-dependent transverse flows, proton elliptic flow,
and isospin-sensitive elliptic flows to study the proton
%ansiltlizon m(l)glentum ?9f7fect in197semi—peripheral “Ca +

Ca, 'Sn+ "Sn,and Au + Au collisions at an im-
pact energy of 400 MeV/A. Moreover, the sensitivity of
pion production to proton transition momentum is also
studied at 200 MeV/4, 400 MeV/A4, and 600 MeV/A
beam energies with impact parameter b = 6 fm.

2 Semi-classical IBUU transport model

In this work, we adopt the semi classical isospin-de-
pendent Boltzmann-Uehling-Uhlenbeck (IBUU) trans-
port model [23]. The nucleon density distribution is giv-
en by
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r=Ra)'?,
Xx =rsinfcosg,

cosf=1-2x,,
y =rsinfsing,

¢ =2nx3,
z=rcosh, (1)
where xi,x;,x3 are three independent random numbers,
and R is the radius of the nucleus. The maximum nucle-
on momentum distribution reaches Akr, =2.75kg, [10],
and A is the high-momentum tail cutoff parameter. The
nucleon momentum distribution in the high momentum
tail (HMT) is given by following equation:

AMMT () o 17K, 2)
where
_J Cui, k < kg
n(k) = { ok, ke <k < kg, 3)

and the proportion of nucleons in the HMT is kept at
20 %:

Ak Ak
4r f nHMT(k)kzdk/47r f n(k*dk ~20%.  (4)
ke 0

The number of protons in the HMT is

A Nk
ZHMT — E47r f ™I (k2 dk. (5)
ke
and the number of neutrons in the HMT is
A Ak
NHMT — S4n f n™MT (k2 dk (6)
ke

with normalization condition

Akr
4r f n(k)k*dk = 1. (7
0

The parameters C; and C; in Eq. (3) can be determ-
ined from the above equations, A4 is the total number of
nucleons, and kg is nucleon Fermi momentum.

In this model, the isospin- and momentum-dependent
mean-field single particle potential is used [18, 24]:

U(p.6,5.7) =Au(0)2Z + A0
Lo Po

o B o—1
+B(ﬁ) (1-x6%)—8xt p76pr
L0 oc+1 pf

, 2Cer f eE ff(?,g)
PO 1+(F-p)*/A2

2CTT’ - d _: 3
ol Ll own ~re S
o L+ (7P RIN

where 7 = 1/2 for neutron, andr’ = —1/2 for proton. p, de-
notes saturation density, and neutron and proton densities
are denoted by p, and p,,, respectively. § = (0,—pp)/(Pn+pPp)
is the isospin asymmetry. The parameter values A,(x) =
33.037 — 125.34x MeV, A;(x) = —166.963 + 125.34x MeV,
B = 14196 MeV, C..=18.177 MeV, C;, =—178.365
MeV, o= 1.265, and A =630.24 MeV/c are obtained by
fitting empirical values of the saturation density
po = 0.16 fm ™3, effective mass m* = 0.7 m, binding energy

Eo=—-16 MeV, incompressibility Ky =230 MeV, single-
particle potential Uy, =75 MeV at infinitely large nucle-
on momentum at saturation density in symmetric nuclear
matter, symmetry potential Usym . =—100 MeV at infin-
itely large nucleon momentum, and symmetry energy
Eym(po) = 30 MeV. The parameter x in the single particle
potential is used to mimic different forms of the sym-
metry energy and can change with density while the em-
pirical values remain unchanged [25]. The phase-space
distribution function f;(7, p) is solved by following a test
particle evolution on a lattice. The isospin-dependent re-
duced medium nucleon-nucleon scattering cross section
is used for nucleon-nucleon collisions. More details about
the above transport model can be found in Refs. [15, 16,
25].

3 Results and discussions

Figure 1 presents the nulceon average kinetic energy
distribution with different proton starting momentum
points. In case A, the protons and neutrons in the HMT
start from their respective Fermi momenta, while in case
B, HMT nucleons start from the majority neutron mo-
menta. It is found that the neutron average kinetic energy
remains unchanged as one would expect in both two
cases. However, when the changing proton momentum of
the HMT from its own Fermi momentum to the correl-
ated neutron Fermi momentum, the proton average kinet-
ic energy changes from lower than the average neutron
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Fig. 1. (color online) Distribution of neutron and proton av-

erage kinetic energy with different starting momentum
points of the 1/k*distribution. In case A, the starting point
is their respective Fermi momentum, while in case B, all
nucleons start from the majority Fermi momentum.
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kinetic energy (E;, < E}; ) to higher than the majority av-

erage kinetic energy (E[. > E}. ) in asymmetric nuclear
matter, and the value of (Efin - E}. ) becomes larger in a
more neutron-rich system with x, = 40 %. Therefore, the
dynamics of nuclear reactions would be affected by the
proton transition momentum in the HMT.

The proton (left panels (a)~(c)) and neutron (right
panels (d)~(e)) collective transverse flow as a function of
reduced rapidity with different proton transition mo-
menta of the HMT in reactions systems with x, = 40 %,
x, =45 %, and x,, = 50 % is shown in Fig. 2. Nucleon col-

lective transverse flow is [26—30]
N,,(»)

> P, ©)
i=1

n,p _

P N

In the above equation, p’ is the ith particle’s transverse
momentum in the reaction plane, N, ,(y) is the number of
free neutrons or protons at rapidity y. Here, a nucleon
with local density less than py/8 was identified as free.
From Fig. 2, it is found that the proton transition mo-
mentum has no effect on neutron transverse flow because
the neutron starting momentum is unchanged in both
cases. The proton transverse flow is in fact insensitive to
the proton transition momentum of the HMT, and a
slightly higher proton transverse flow is observed only
when the proton fraction is x, = 40 %. This is because the

D
nucleon high-momentum distribution roughly exhibits a

C/k* shape, and there are only a few protons with mo-
menta higher than the Fermi momentum in the nucleus.

We now explore the effect of proton transition mo-
mentum in the HMT using the isospin-dependent collect-
ive flows. The neutron to proton differential collective
flow is defined as [31]

N(@)
1
F"P(y) = NO) § Pxi(V)Tis (10)
i=1

where N(y) is the total number of free nucleons at the
rapidity, and 7; is +1 for neutrons and —1 for protons. The
difference between neutron and proton transverse flow is
defined as

1 N.(») N,(»)
xi RTINS xi . 11
Nn(y);p o NP@);” ®». (D

Figure 3 gives the neutron to proton differential flow
F"P(y) (left panels) and the difference of neutron and
proton transverse flow (F"(y)— FP(y)) (right panels) as a
function of reduced rapidity in the “Ca + “Ca, ""Sn +
"Sn, and Au + ""Au systems with different proton
starting momenta in the HMT. Panels (a) and (d) show
that the proton transition momentum in the HMT has no
effect on these two transverse flows in a symmetric sys-
tem. This result is consistent with panel (c) of Fig. 1. For
"Au + """ Au collisions, the proton transition momentum
effect could be found in panels (c) and (f), but this effect
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Fig. 2.
left panel but for neutron transverse flow.

(color online) (left) Rapidity distribution of proton transverse flow for different proton starting momenta cases. (right) Same as
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Fig. 3.

(color online) Neutron to proton differential transverse flow (left) and the difference of neutron and proton transverse flow

(right) as a function of reduced rapidity with different proton starting momenta in the HMT.

is not significant. However, in "*sn + '"?sn collisions,
these two isospin-dependent transverse flows almost have
no proton momentum transition effect. This is because
when the starting momentum point of protons starts from
the majority neutron Fermi momentum, the average
proton kinetic energy E}. is enhanced in small proton
fraction x,, collisions. It is also found that in P au+"Au
collisions, the strength of (F"(y)—FP(y)) in case B is
lower than that in case A because the neutron-proton cor-
relation in the HMT causes a higher proton transverse
flow.

Because neutrons would not be affected by the pro-
ton transition momentum, we will study the effects of
proton transition momentum on proton elliptic flow and
isospin-dependent elliptic flow. The nucleon elliptic flow
that corresponds to the second Fourier coefficient can be
expressed as [26, 32—36]

2 2
Dy py>’ (12)

vy =< cos(2¢) >= < 55

Px+ Py

where p, is the nucleon transverse momentum in the re-

action plane along the x axis, and p, is the nucleon trans-

verse momentum perpendicular to the reaction plane

along the y axis. Similar to the neutron to proton differen-

tial flow, the neutron to proton differential elliptic flow is
defined as

n— Ny N,
v, V= Wvg—wpvg, (13)

where N denotes the total number of nucleons, and N,,and

N, are the numbers of neutrons and protons, respectively.
The difference of neutron and proton elliptic flow, i.e.,
(v3 —v5), is also analyzed.

In Fig. 4, we show the effects of proton transition mo-
mentum in the HMT on proton elliptic flow in collisions
with proton fractions x, = 40 %, 45 %, and 50 %. It is

-} = - T T T T
\E\
5L N i
10 [ (a)x,=50% N 5 ]
I “ca+“Ca ?/ T —
-15 |- b=6 fm, E, =400 MeV/A 1
201 J
-25 | | | | |
5 L s = i
I g VY peam)em [ <=0-35
-10 - \ b
B sl Bx=45% P __
U t2g ) i2gn D%g ]
20 - b=6 fm, E__=400 MeV/A 1
-25 | | | | |
5L B —l—case B ]
L s -} case A
-10 |- B E
L T ET——
-5 (o)x =40% Teesl \E\ 4
) b 197Au+197Au S - E
201 b=6 fm, E=400 MeV/A ]
-25 1 L 1 L 1 L 1 n 1
0 100 200 300 400
E,,(MeV)
Fig. 4.  (color online) Kinetic energy distribution of proton

elliptic flow in semi-peripheral collisions at beam energy
400 MeV/A with different proton starting momenta.
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seen that the effect of proton transition r%(%mentur& on
proton elliptic flow is generally small in ~"Au + ~Au

collisions and only slightly larger in the high-kineti-
cenergy region. In “Ca + “Ca collisions, this effect dis-

appearsbecause the majority average kinetic is almost
equal to the minority average kinetic in symmetric nucle-
ar matter.

Presented in Fig. 5 presents the neutron to proton dif-
ferential elliptic flow (upper figure) and the difference of

neutron and proton elliptic flow (lower figure) as a func-

tion of kinetic energy in collisions of "?Sn + '"’Sn and

"Au + "Au. A clear proton transition momentum ef-
fect is seen in the difference of neutron and proton ellipt-
ic flow (v - v’z’) in a more neutron-rich reaction system, as
shown in panel (d), while the neutron to proton differen-
tial elliptic flow (v;”) is relatively less sensitive to the
proton transition momentum except in the high-kinetic
energy region, as shown in panel (c). We can also see that
the proton high-momentum distribution 1/k* point start-
ing from the correlated neutron Fermi momentum causes
small values of (4 —v}) and (v, ") due to neutron-proton
correlations in the HMT. The nucleon elliptic flow is neg-
ative, and the absolute value of proton elliptic flow is lar-
ger than that of neutron elliptic flow [31]; this is the reas-
on why the difference of neutron and proton elliptic flow
(v57) is positive.

It is well known that the 7~ meson is mainly from n-n

collisions and #* meson is mainly from p-p collisions;
therefore, the n~ /7" ratio can be used to extract import-
ant information about proton transition momentum in the
HMT. Fig. 6 presents the beam energy distribution of
then™ /n* ratio with different proton starting momenta in
the HMT. In the “’Ca +"Ca reaction system, it is found
that the n~/n* ratio becomes approximately constant
around 1. This is because in the A resonance model, the
n~ /n* ratio is approximately (SN*+NZ)/(5Z*+NZ)~(N/Z)*
[37], where N and Z are the total neutron and proton num-
bers in the participant region, respectively. This is also
the reason why the value of n~/z*a shown in panel (b)
and panel (c) increases as the proton proportion x, de-
creases. Note that the proton starting momentum in the
HMT starting from its own Fermi momentum gives a
large value of n~/n*, while starting from the majority
neutron Fermi momentum corresponds to a relatively
small value of 7~ /n*in neutron-rich collisions. This is be-
cause much higher proton average kinetic energy colli-
sions produce more z*,and the multiplicity of 7~ remains
the same if the neutron average kinetic energy remains
unchanged.

From Fig. 6, it can be clearly seen that at incident
beam energy 200 MeV/A, the effect of proton transition
momentum on the 7~ /x* ratio reaches its maximum. This
effect decreases as beam energy increases as a result of
the dominance of n-p correlations in nuclei at lower beam
energies. Therefore, at around (and particularly below)
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Fig. 5.

momenta at an incident beam energy of 400 MeV/4 in semi-peripheral "28n +

(color online) (upper) Kinetic energy distribution of neutron to proton differential elliptic flow with different proton starting

112 197

Sn and """Au + "’Au collisions. (lower) Same as

upper panel but for the difference of neutron and proton elliptic flow.
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tio with beam impact parameter b = 6 fm in *’Ca + *Ca,
g + 7 "Au + "Au collisions with different

proton starting momenta in the HMT.

color online) Beam energy distribution of 7~ /7t ra-
( ) gy /

Sn, and

the charged pion production threshold beam energies, the
i~ /7t ratio in heavy-ion collisions could be a probe of
the proton transition momentum of the HMT in neutron-
rich matter.

4 Summary

In summary, in the framework of the IBUU transport
model, proton transition momentum in the HMT was

studiedbynucleontransverseﬂowsandellipticﬂowsin40Ca+

40, 112 12 197 197 .. e
Ca, 'Sn+ “Snand 'Au+ 'Au collisions at an incid-

entbeam energy of 400 MeV/4 with impact parameter
b=61fm. It was found that in neutron-rich reactions, the
difference of neutron and proton elliptic flow is largely
affected by the proton transition momentum, especially in
the high-kinetic energy region. The neutron to proton dif-
ferential elliptic flow, neutron to proton differential trans-
verse flow, and the difference of neutron and proton
transverse flow are less sensitive to the proton transition
momentum. Thus, the difference of neutron and proton
elliptic flow in the high-kinetic energy region provides a
promising way to probe the proton high momentum dis-
tribution in nuclei in neutron-rich nuclear matter. The ef-
fect of proton transition momentum in the HMT on
charged pion production was also studied. At beam en-
ergy 600 MeV/4, the n~/n* ratio shows no significant
sensitivity to the proton transition momentum in asym-
metric nuclear matter, while at 400 MeV/A4 and espe-
cially at 200 MeV/A4, the ratio does have significant sens-
itivity. The above results may help us to further under-
stand the nucleon momentum distributions in the HMT in
asymmetric nuclear matter such as neutron stars.

The authors thank Prof. Yong for useful discussions.
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