EPJ Web of Conferences 3, 06003 (2010)
DOI:10.1051/epjconf/20100306003
© Owned by the authors, published by EDP Sciences, 2010

Chiral effective field theory for nuclear matter including long- a nd
short-range multi-nucleon interactions

A. Lacour-3 J. A. Olle?, and U.-G. MeiRRnér

1 Helmholtz-Institut fiir Strahlen- und Kernphysik (Theorie) and Bethe Center for Theoretical Physics,
Universitat Bonn, D-53115 Bonn, Germany

2 Departamento de Fisica, Universidad de Murcia, E-30071 Murcia, Spain

3 Institut fur Kernphysik, Institute for Advanced Simulation and Jilich Center for Hadron Physics,
Forschungszentrum Jiilich, D-52425 Jiilich, Germany

Abstract. We review on a novel chiral power counting scheme for in-medium chiral perturbation theory with
nucleons and pions as degrees of freedom. It allows for a systematic expansion taking into account local as
well as pion-mediated inter-nucleon interactions. Based on this power counting, one can identify classes of non-
perturbative diagrams that require a resummation. As a method for performing those resummations we review on
the techniques of Unitary Chiral Pertubation Theory for nucleon-nucleon interactions. We then apply both power
counting and non-perturbative methods to the example of calculating the pion self-energy in asymmetric nuclear
matter up-to-and-including next-to-leading order. It is shown that the leading corrections involving in-medium
nucleon-nucleon interactions cancel between each other at given chiral orders.

1 Introduction is applied in refs.[1, 2] to the problem of calculating the
pion self-energy in asymmetric nuclear matter at NLO.

An interesting achievement in nuclear physics would be
the calculation of atomic nuclei and nuclear matter prop-
erties from microscopic inter-nucleon forces in a system- 2 Chiral Power Counting
atic and controlled way. This is a non-perturbative prob-
lem involving the strong interactions. In the last decades

Effective Field Theory (EFT) has proven to be an indis-’ Ref.[18] considers the ground state of nuclear matter which,

ble tool t lish such biti L in thi under the action of any time dependent operator at asymp-
pensable tool to accomplish such an ambitious goal. In tNiSyqyic times, behaves as Fermi seas of nucleons. The Fermi

work we employ Chiral I_Derturbat|on Theo_ry (CHPT) to seas are filled states up to a limiting Fermi momentum
nuclear systems [3-5], with nucleons and pions as the per-

. \ &, = (37%0i,)Y3, with p, the density of the correspond-
tmentdegrees of freedom. For the Ilg_htest nuclear systemqng Fermi sea. Ref.[18] also establishes the concept of an
with two, three and four nucleons, it has been success

. . ; “in-medium generalized vertex” (IGV). Such type of ver-
fully E.lppl'Ed [6]. For hea}V|er nuclei one common proce- tices result because one can connect several bilinear vac-
dure is to employ the chiral nucleon-nucleon (NN) poten- 1 ertices through the exchange of baryon propagators
tial derived in CHPT Comb”.“ed V\."th standard. ma_\ny-body with the flow through the loop of one unit of baryon num-
methods, sometimes supplied with renormalization group ber, contributed by the nucleon Fermi seas. At least one is
techniques [7]. In ref.[1] we have recently derived a chiral neéded otherwise we would have a vacuum closed nucleon
power counting in nuclear matter that takes into account lo- loop tha,lt in a low energyféective field theory is buried
cal muIti—_nucIeon interactions simultanequsl_y to the pion- in the higher order counterterms. It was also stressed in
nucleon interactions. Many present applications of CHPT ref.[12] that within a nuclear environment a nucleon prop-
to nuclei and nuclear matter only consider meson-baryon__’

hiral L . 61 1 thout agator could have a “standard” or “non-standard” chiral
goIrzgtraiérlwgtgagcg)ﬁnf?e(geNeNe.géaEtt]er%rga Iiu?e]?][g;yt)ﬁgvlteghl{ counting. To see this, note that a soft momen@Qm p,
niques of Unitary Chiral Perturbation Theory (UCHPT) related to pions or external sources can be associated to any

8.91 h b lied t f th i f of the vertices. Denoting blg the on-shell four-momenta
[8,9] have been applied to perform the resummation o associated with one Fermi sea insertion in the IGV, the
the non-pertubative nature of the NN-interaction to vac-

uum phase shifts as well as to in-medium NN-scattering up
to next-to-leading order (NLO). Our novel power counting [1

1 This problem is tightly connected with that of pionic atoms
0, 11] due to the relation between the pion self-energy and the
pion-nucleus optical potential. For recent calculations see [12—
@ e-mail: lacour@hiskp.uni-bonn.de 17].
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four-momentum running through thj# nucleon propaga- 3 Non-pertubative methods
tor can be written apj = k+ Q;. If Q? = 0(m,) = O(p),

one has the standard counting so that the baryon propa-

gator scales a®(p™*). However, if Q” is of the order of
the kinetic nucleon energy in the nuclear medium then the
nucleon propagator should be countedg2). This is
referred to as the “non-standard” case in ref.[12]. In or-
der to treat chiral Lagrangians with an arbitrary number
of baryon fields (bilinear, quartic, etc) ref.[1] considered
firstly bilinear vertices like in refs.[12, 18], but now the ad-
ditional exchanges of heavy meson fields of any type are
allowed. They should be considered merely as auxiliary
fields that allow one to find a tractable representation of
the multi-nucleon interactions that result when the masses  Refs.[4, 5] argued that due to the large nucleon mass
of the heavy mesons tend to infinity. Consequently a heavythe two-nucleon reducible diagrams should be resummed,
meson propagator is counted @p°) due to their large  as it is schematically depicted in fig.1. The wiggly line is
masses. On the other hand, ref.[1] takes the non-standardinderstood as a local NN interaction plus the exchange
counting case from the start and any nucleon propagator isof a pion (fig.2 left-hand side). Both are of ord@¢p°),
considered a®(p~?). In this way no diagram, whose chiral  as can be deduced from the Langrians in subsec.3.2. Ac-
order is actually lower than expected if the nucleon propa- courding to ref.[1], the nucleon propagators in the dia-
gators were counted assuming the standard rules, is lost. Ilyrams of fig.1 follow the non-standard counting and each
the followingm, ~ ki, ~ O(p) are taken of the same chi-  of them isO(p~2). The two-nucleon propagators altogether
ral order, and are considered much smaller than a hadronicare O(p), multiplied by theO(p*) contribution from the
scaleA, of several hundred MeV that results by integrating measure of the loop integral and tt§p°) wiggly lines

out all other particle types, including nucleons with larger produces a®(p°) contribution. This does not increase the
three-momentum, heavy mesons and nucleon isobars [5]chiral order and the series of diagrams in fig.1 must be re-
The final formula obtained in ref.[1] for the chiral ordet summed.

of a given diagram is

x m Vo
y = 4—E+i(ni+£i—4)+zvl(di+wi—1)+Z(vi—1)+Z b
i=1 i=1 i=1 i=1

Fig. 1. Resummation of the two-nucleon reducible diagrams.
This is referred in the text also as a resummation of the right-hand
or unitarity cut. A wiggly line represents the interaction kernel
N3 (¢, ¢, S).

3.1 Unitary CHPT

We follow the techniques of UCHPT [2, 8, 9] that performs
the resummation partial wave by partial wavEhe master
& A equation for UCHPT is

= 4—E+Z(ni +6 —4)+Z(di +o+wi—2)+V,. (2.1)

= = S Tu(C.6.S) = [l + Nu(6.£.5) -] " -Na(6.£.S) . (3.1)
whereE is the number of external pion lineg,is the num-
ber of pion lines attached to a vertex without barydhis It results by performing a once subtracted dispersion rela-
the chiral order of the latter withi, its total number. Inad-  tion of the inverse of a partial wave amplitudey is the
dition, d; is the chiral order of th&" vertex bilinear in the  scattering amplitude arly, is the interaction kernel with
baryonic fieldsy; is the number of mesonic lines attached quantum numbers total isospintotal spinS, out- and in-
to it, w; that of only the heavy line¥/ is the total number of  going orbital angular momenta ¢ and total angular mo-

bilinear verticesy, is the number of IGVs anrhis the to- mentumJ. g is called the unitarity loop that corresponds to
tal number of baryon propagators mins soV = V,+m. the divergentintegral [2]

It is important to stress thatgiven in eq.(2.1) is bounded

from below [1]. Because of the last term in eq.(2.1) adding o(A) = -m d’k 1 (3.2)

a new IGV to a connected diagram increases the count- (2n)3 k2 - A-ie”

ing at least by one unit because > 1. The numbew , , )
given in eq.(2.1) represents a lower bound for the actual In this way the eficts of the nucleon mass associated with

chiral powery of a diagram, so thai > v. The real chi- the two-nucleon reducible diagrams are taken into account.
ral order of a diagram migr’1t be fikrent fromy because N the contrary, in a plain chiral calculation of a NN partial
the nucleon propagators are counted alway®©@s?) in wave thesefects are not resummed. But we can match the

eq.(2.1), while for some diagrams there could be propaga-'atter with the expansion of eq.(3.1) up to the same number
tors that follow the standard counting. Eq.(2.1) implies the Of two-nucleon reducible loops [2].

following conditions for augmenting the number of lines in Ty ey Ty —

a diagram without increasing the chiral power by adding i) Ta(6.6.8) = Nt (6. £.S) =N (£, £,8) g -Nan (€. £, ) + ..

pionic lines attached to mesonic verticés= n; = 2, ii) (33)
pionic lines attached to meson-baryon vertickss v = 1 2 This is different from solving a Lippmann-Schwinger equa-
and iii) heavy mesonic lines attached to bilinear vertices, tion, where the full scattering amplitude is calculated and the par-

di=0,w =1. tial waves projection is performed afterwards.
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Fig. 2. The exchange of a wiggly line between two nucleons indicates the sum of the local and the one-pion exchange. A one-wiggl
exchange corresponds to the leading order (LO) interaction ke@ﬁélwhereas the two-wiggle exchange box diagram corresponds to
LY.

Notice that in this expansion each factor of the kedgl n(X) enter in the matrixu = exp(r - x/2f), in terms of
multiplies the loop functiog with its value on-shell. Inad-  which U, =i {uT,aﬂu} andU = u?, with f = 924 MeV the
dition one has the chiral expansion of the interaction kernel yion decay constant in the SU(2) chiral limit. Theare

- chiral low-energy constants whose values are fitted from
Ny = N™ = NO 4+ ND 4 0(p?) . 34 phenome_nology [19]. Accourding to [4,5] t_he Iov_vest or-
I n;) I I J (P) (3.4) der amplitudes for the two-nucleon irreducible diagrams,
are given by the quartic nucleon Lagrangian without quark
where the chiral order is indicated by the superscript. In masses or derivatives
order to extracN!?, one has to match th@(p") chiral cal-

culation of a NN partial wave comprising at mastwo- © _ L SN e TN
nucleon reducible loops with eq.(3.3) [2] L = ZCS(NN)(NN) ZCT(NO—N)(NO—N)’ (3.8)

NS?)+ Ng})—NS?)-g-NS?HO(pZ) = Ng?)+ L(Jll)+0(p2) . (3.5) and the one-pion exchange with the lowest order pion-nu-
cleon coupling. The scattering amplitudes that follow these
On the right hand side of eq.(3.5) the chiral calculation is |Lagrangian terms can be found in ref.[2].
given, which is diagramatically shown in fig. &t} (left Calculating the integral of the unitarity loop eq.(3.2)
diagram) is thed(p®) CHPT calculation, without any two-  explicitly, we employ a three-momentum cut-aff2]
nucleon reducible loop aﬂd},) (right diagram) is th&(p*)

contribution with one two-nucleon reducible loop, respec- m (A mA [ dk

tively for a given partial. Here each two-nucleon reducible g(A) = “on2 f dk - o f e Aic

loop calculated in CHPT ist counted @¢$p) as suggested 0 e Joe KO A= lE

by eq.(3.2). Thus thé&(p) contribution to the interaction omA imvA (3.9)
kernel reads [2] T T og2 i :

L _ ;o © ., NO
N3 = Lo+ Ny"-g- Ny (3-6) We now concentrate on fixing the constafts and

Cr at leading order. For that we consider the S-wave NN
scattering lengths; and ag for triplet and singlet chan-
nels, respectively, at threshold. At threshold the one-pion
exchanges vanishes, which also implies that the triplet
partial wave is elastic, without mixing with tR®; partial
wave. Using eq.(3.1) yields [2]

which corresponds to theftierence between a full calcu-
lation of a two-nucleon reducible loop and the result ob-
tained by factorizing the vertices on-shell. It is consistent
with the counting as the large nucleon mass factor drops in
the diference. This fact is incorporated in the interaction
kernelNy, which is then improved order by order.

n 3/as+1/ay —8A/m

3.2 Fixing vacuum properties Cs = m (1/as—2A/m)(1/a — 2A/n) ’
b 1l/as—1/a
For the following evaluations we employ th@(p) and Cr= m(ae= 2A/m(1/a = 2A/7) ° (3.10)

O(p?) Heavy Baryon CHPT (HBCHPT) Lagrangians [19]

One of the characteristics of NN scattering are the large
£ N_(iD _9A,. u)N absolute values of the S-wave scattering lengihs=
N = 0 ’ (—23.758+ 0.04) fm anda; = (5.424+ 0.004) fm. For typ-
o of 1 ga . ical valuesA > |1/ad, eq. (3.10) givesCs| =~ 27%/mA >
L2 =N[z=D D +i=—{o-D,uo} + 2cn%(U + U") ICr| = O(x%/a;/mA?). In this way, the low-energy con-
2M aM .
stants€Cs andC+ do not diverge foms, a; — o because of

N (c 3 g_i)uz +cau Ut IN + 3.7) the introduction of the new scaleand they have a natural
27 gm0 R e ' size. For a detailed discussion see ref.[2]. One has to stress
that only local terms and one-pion exchange contributions
N is the two component field of the nucleoms, the ax-  enter in the calculation dfi{?)(¢, £, S). This is certainly too
ial pion-nucleon coupling an®, = g, + I', the covari-  simplistic in order to properly describe the NN interactions

ant chiral derivative, with™, = [uf, d,u]. The pion fields as a function of energy up to pion production threshold.

06003-p.3
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Fig. 3. Contributions to the in-medium pion self-energy up to NL@X§p°). The pions are indicated by the dashed lines and the squares
correspond to NLO pion-nucleon vertices. A wiggly line is the NN interaction kernel, that is iterated as indicated by the ellipsis.

4 Pion-nucleon contributions to the pion diagrams 1.X3) and 2+3 (25), with [1]
self-energy .
—igP
21 = ngjs(,op _Pn) 5
ig% o* 9a (@

22= TzqogijS(Pp =) T 25 Sijlop +pn), (4.2)

Here, we apply the chiral counting given in eq.(2.1) to cal- 5

culate the pion self-energy in the nuclear medium up to
NLO or O(p®), with the diferent contributions shown in  where the proton(neutron) density is given pyy =
fig.3. The nucleon propagator contains a particle part prop-¢3 /372, Now, we move to the NLO contributions. The

agating above the_ Fermi surface and a hqle part propa_gatiSum of the diagrams 4 and 5 gives the result [1]
ing below [20]. Using Cauchy’s theorem this can be rewrit-

ten as a free-space and an in-medium part, giqz
3= W(pp +pn)5ij . (43)
Go(K)i, = ok = fi%) + 0, - “‘D (4.1) The diagram 6 of fig.3 is given by [1]
KO—wk +ie KO —wy —ie
- o0~ KD . 5= 220 o0 m = cBles+ ca= L) + o o o)
KO +ie 3 4% 1 QolC2 +C3— g 0) + A" [{Pp+n)

(4.4)
. . . . Next, let us consider the contributions to the pion self-
In this equation the subscriptrefers to the third compo- energy due to the nucleon self-energy from a one-pion loop

nent of isospin of the nucleon, which can be identified as ;4 depicted in the diagrams 7—9 of fig.3. The one-pion loop
iz = p for the proton ands = n for the neutron. Our con- nucleon self-energy can be written as
vention for the pion self-energy, is such that the dressed ’

pion propagators reads,(q) = i/(g?> - m? + %). The lead- 1+ 1 1- 15
ing contribution to the pion self-energy corresponds to the 2=t (4.5)

06003-p.4
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with 27 and27 the proton and nucleon self-energies due to ke ki
the in-medium pion-nucleon loop. The contributions from
the diagrams 7Xs) and 89 (2) are [1]

q° d*k

oz 83T\ o
5= Fron [ g (GoKo gy - Gokngs| &7,

(4.6)
. 7 Fig. 4. Contribution to the pion self-energy with one two-nucleon
_ia2 A2 4 T
T = 'Ia q_gi . d’k Go(K) 0%y _ Go(k)nazn &% reducible loop. The pion scatters insfdtside the loop.
f2 g7 J (2n)4 P oKo Ako
Igi q2 d4k - 2\ KO . .
t o7 ?6” PE ( Go(K)pZy + Go(K)nZ7) €47, term, with the summed vertex given by [1]
0
(4.7) ; k 2P
_IsijkT _2f2 (1—gAq—C2)) , (51)

whereé® with  — 0* is the convergence factor asso-

ciated with any closed loop made up by a single nucleonwhich is an isovector contribution. Note that the pole term
line [20]. The last term i is a recoil correction of one  also produces an isoscalamirecoil correction, which is
order higher and we neglect it. The free pion-loop nucleon one order higher. Let us denote Egl(l;l) the proton (neu-
self-energy is calculated in HBCHPT, employing regular- ton) self-energy in the nuclear medium due to the NN in-
ization in theMS — 1 scheme. Its derivative §(p?) [1] teractions [1],

so that when inserted iBs andXs it gives rise to arO(p°®)

contribution that we neglectin the present work. As shown . d*k o

in ref.[1] the in-medium contribution to the pion-loop nu- Sy = Z fwékg"Go(kz)azTafazz(kl’ ko). (5.2)
cleon self-energy is even further suppressed, being a con- @202

tribution of O(p’) to the pion self-energy. As a resul

and; are at leaso(pd). where we introduced the abbreviation

Tg—ll(f;z(kl, kz) = TNN(k]_O']_a']_; kzO’ga’zlklO']_a’l; k20'2a2)
(5.3)
5 In-medium nucleon-nucleon scattering for particle states with momentuky, spinc; and isospin
contributions @;. The sum of diagram a) and the isovector part of b) of

fig.3 can then be written as [1]

We now consider those NLO contributions to the pion self- 0 2 ke dtk
energy in the nuclear medium that involve the NN interac- 5, 4 5iv = _jg; q [1 e q_z) Z f 1= "2
Yo

tions. They are depicted in the diagrams of the last two 2f2 A J (2n) (2n)*
rows of fig.3, where the ellipsis indicate the iteration of o 9

the two-nucleon reducible loops. For the diagrams b) and X e'k(f”ékg”[Go(kl)pGo(kz)p—kOTgé‘Tz(kl, ko)

d) of fig.3 the pion lines can leave or enter the diagrams. oKy

SinceV, = 2 in these contributions one needs only the NN 3 K ———

scattering amplitude a®(pP) to match with our required Go(ka)nGo(ka)n 5k(1JT“” (ka, kZ)] : (5.4)

precision at NLO. This amplitude is obtained by iterating
an infinite ladder of two nucleon reducible loops, with full The isoscalar contribution of diagram b) reads
in-medium nucleon propagators. The tree level amplitudes

obtained from thed(p°) Lagrangian with four nucleons < .. Ga0P d*ky d*k; K0 K0
[5] and from the one-pion exchange with the lowest or- 2p = _'5”2f2q2 Z f(z,r)4 (27r)4eI e
der pion-nucleon coupling. The sum of both is represented 0 71,02
diagrammatically in fig.3 by the exchange of a wiggly line. % [GO(kl)pGO(kz)pTgéa—z(kl, ko)
This procedure would correspond in vacuum to the leading o
NN scattering amplitude according to refs.[4, 5]. + Go(kn)nGo(ko)n T (ke ko)
+ 2Go(k)pGo(ka)n T (k. ko) | (5.5)
5.1 Cancelation of the leading nucleon-nucleon where exchange symmetry was employed for the last line.
contributions [1] Let us now consider the sum of diagrams c) and the

isovector part of d) of fig.3. These diagrams consist of the
The diagrams a) and c) of fig.3 involve the Weinberg-Tomo- pion-nucleon scattering in a two-nucleon reducible loop
zawa (WT) vertex while b) and d) contain the pole terms which is corrected by initial and final state interactions.
of pion-nucleon scattering. It is remarkable that these NLO The iterations are indicated by the ellipsis on both sides
contributions cancel pairwise. At leading order in the chi- of the diagrams. In order to see that these diagrams cancel
ral counting the pole term has the same structure as the WTwith eq.(5.4) let us take the diagram on the left hand side

06003-p.5
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of fig.4 with a twice iterated wiggly line vertex. It is given

by [1]
P ( zqz] fd4k1 d*ko
2o+ 2 =lgiz=—=|1-g2—
( C d ) i3 2f2 gA qé Zﬁ: O;z (27_[)4 (27_[)4
40 0 —i d*
< 181Ga(0), ol 5 [ 5

6GO(kl ~ q)a’
X Z Z V(Yﬁ;zl’ﬁ’(q)a—kg-)‘ri’w’

)
o B 01,0

X Vargap(—A)Go(kz + q)ﬁ/] , (5.6)

where the superscrift indicates that the corresponding
amplitude is calculated at the one-loop lewéls.,; corre-
sponds to the wiggly line with the indicesandy belong to
the outfin-going first particle, in that order, and similarly  Fig. 5. In this figure the cross indicates the action of the derivative
B andy for the second one. To shorten the notation, we with respect td? in eq.(5.7). When the derivative is performed
have only indicated the isospin indicesvrin the previous  over a baryon propagator the latter becomes squared. In this way,
equation, although’ depends also on spin. The derivative the first diagram on the second row of the figure is the same as
with respect td(‘lj arises, because the nucleon propagator the one to the left of the first row but with opposite sign and they
to which the two pions are attached appears squared [1]_cancel each other. The same applies to the second diagrams on
This is so because for the, i andj can be either 1 or 2,  the firstand second rows.

so that the only surviving contribution ls = 3. For the

7% i = j = 3 and then there is no contribution. Thus, be- ) _

cause one has either 0 6%, which is a diagonal matrix, 00ps. The two pions can be attached for+ 2y to any

the nucleon propagator before and after the two-pion ver-of them, while forz, + X}’ the derivative with respect to
tex is the same. The-loop integral in eq.(5.6) is typically k‘l) can also act on any of the loops (see fig.5 for a thrice
divergent. Nevertheless, the parametric derivative with re- iterated wiggly line). The iterative loops are the same for
spect td(‘l’ can be extracted out of the integral as soon as it both cases but a relative minus sign results from the loop
is regularized. Once this is done, the quantity between theon which the two pions are attached with respect to the one
squared brackets in eq.(5.6) corresponds to the twice iter-on which the derivative is acting, as just discussed. Hence,
ated wiggly line contribution td'yy. Of course, the same

regularization method as that used to calculafg should S.+2.=0, and ZL” +z&v =0 (5.8)

be employed. In addition, the isovector nature of the mod-

ified WT vertex of eq.(5.1) implies that only thefiirence  The pasic simple reason for such cancellation is that while
t_)etwee_n the proton-proton and neutron-neutron contribu-¢q, .+ 2V the presence of a nucleon propagator squared
tions arises. This can be worked out straightforwardly from gives rise to £1)28/9K, for S + Z&u it yields _3/6k(l)_ The

the isospin structure of the local four-nucleon vertex and extra (1) for Z, + 2V results because it involves an inte-
that of the one-pion exchange [2]. As a result we can write gration by parts

) (D
ole

N« & » 02 d*k; d*kz The same cancelation does not happen for the isoscalar
(Zc +2d) = '8ij3ﬁ 1- QA? Z f@@ contributions: for those diagrams, the derivative has van-
07 o102 ished because the NLO term of the expansion of the pole-

iKon K R L term propagator cancels the square of the propagator which
x &gl [GO(kl)pGO(kZ)pak(l)Tpp (ko ko) closes the diagram. In diagram b) the “elementary” NN in-
9 teractionNy is dressed by an iterative process, whereas for
= Go(k1)nGo(K2)n =5 Tra "2 (K1, kg)L] . (6.7 diagram d) the NN amplitude is given by the pion scatter-
oKy ing term corrected by initial and final state interactions.
This result cancels exactly with that on the right hand side
of fig.4, corresponding to the twice iterated wiggly line ex-
change contribution tdyy in €q.(5.4). This cancellation is
explicit by reducing eq.(5.4) to the one-loop case for cal-
culating Tyn. Notice as well that the contribution iy
given by the exchange of only one wiggly line vanishes
when inserted in eq.(5.4) because itis independek@.of The evaluation of the NN scattering amplitudes in the nu-
This process of mutual cancellation can easily be gen-clear medium can be obtained from results in the vacuum,
eralized to any number of two-nucleon reducible loops in since the only modification without increasing the chiral
figs.3a), b), ¢) and d). Am + 1 iterated wiggly line ex-  order corresponds to use the full in-medium nucleon prop-
change in these figures impliestwo-nucleon reducible  agators (4.1). This is directly accomplished by replacing

5.2 Unitary CHPT for in-medium nucleon-nucleon
scattering [2]

06003-p.6
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g=Ligt — Lio= Ligs + 2L1gm + L1gd

= L1gpp + L1ghh (5.9)

in eq.(3.1), for any order of the NN scattering in the nu-

clear medium. We use the notatity), wherei indicates
the number of two-nucleon states apithe number of pion

in asymmetric nuclear matter has been calculated up-to-
and-includingO(p®). It is shown on general grounds that
the leading corrections to the linear density approximation
vanish. In particular, it is derived that the leading correc-
tions from NN scattering mutually cancel. More calcula-
tions for other physical processes and higher orders are
clearly needed to assess the realm of applicability of the
present approach. As a most recent developmentin ref.[2]

exchanges in the loop. Also we use the subscifipts and

the main trends for the energy density of symmetric nu-

d indicating zero, one or two Fermi sea insertions from clear and neutron matter has already been reproduced at
the nucleon propagators in the medium. Using the particle- next-to-leading order.

hole representation of eq.(4.1) the loop integral (5.9) can
also be written in terms of a particle-particle§ ,p) and

a hole-hole [;0mn) part. The same process as discussed in References

subsec.3.1 is followed to fily, only that in all loop in-
tegrals the nucleon propagators have to be exchanged by ,
their full in-medium equivalents.

The calculation of the diagrams c) and d) of fig. 3 in
UCHPT requires some additional considerations. For those2,
diagrams a pion scatters inside a two-nucleon reducible
loop, where this loop has to be corrected by initial and fi- 3,
nal state interactions as denoted in the figure by the ellipsis.4,

Then, instead of eq.(3.1) we have [2] 5.
_ _ 6.
Ha(6,£,S) = > DGE €, )£ (¢, €7, S)- D3, £,S),
o 7.
(5.10)
whereDy = | + Ny L. The LO result requires to em-

ploy D(J?) and to calculate the two-nucleon reducible loop 8.
to which the two pions are attached by factorizing on-shell

the NN scattering amplitudes. We use the notabfi* = 9.
I+ N1’ with nthe chiral order,

0-1 @ 0)-1
Hillo = D(J|) 'ffu) : D(J|) ,

& = -(NP)? - DLy, 61
whereDL;q represents the term of the pion scattering in-
side a two-nucleon reducible loop, which is 13.

14.

. mg° q?). L%
DL10;iu=—I8ij3?(1—ng¥]I3 6;0, (5.12)

0
for the isovector part. UCHPT reproduces the cancelation
of the isovector parts, as generally shown in the last sub-
section. For explicit results and further discussion we just
refer the interested reader to ref.[2].

6 Conclusions and outlook

We have reviewed the developmentin refs.[1, 2] of a power
counting in the nuclear medium that combines both short-
range and pion-mediated inter-nucleon interactions. The
power counting requires typically the resummation of in-
finite strings of two-nucleon reducible diagrams with the
leadingO(p°) two-nucleon CHPT amplitudes. One pos-
sible explicit method for performing those resummations,
called UCHPT, has been presented. The pion self-energy
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