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Introduction

Energy/fermion= E/A =&

@ E/A in a many-body system formed by fermions is a
fundamental Basic Problem

@ Particle-Nuclear physics: Symmetric nuclear matter, neutron
matter, neutron stars, quark-gluon plasma, etc

@ Condensed matter: Cooper pairs, BCS, Hubbard Hamiltonian
(contact constant interaction), BEC, ...

@ AMO: Trapped ultra-cold atomic gases, unitary limit
(as — o0), BEC-BCS crossover,. ..



& in the ladder approximation Alarcén, JAO,Ann.Phys.437,168741(2022)

Master Equation for the Energy Density &«

i 2 (tmlqg)? i
= _Tr Aol ) = ——Trlog[/ — tml
€ =3 (dzzzl p 5 Trlog [/ — tmLd]

e The trace is taken in the three-momentum, isospin and
spin spaces

e For any fermion-fermion vacuum T-matrix ty. It could
involve any (infinite) number of partial-wave amplitudes

® t,, is the in-medium T matrix. It is needed on-shell

a+k

Le(p. a) = =iz /d:;e(kF — Ja+ pk|)0(k + |a — pk|) |pk, o1, 52) (pk, 71, 2]



Hartree-Fock diagrams resummed

tm = Squares joined by inward ty arises by expanding the I vertices
lines
A O
— e+
+
f ... |
A S S

Hartree

It is an interesting combinatorial problem to get (gisg:—éTﬂOg [l — tmLld]
Alarcén,JAO,Ann.Phys.437,168741(2022)

@ For arbitrary vacuum

i vas ] @ kaiser11,12 for DR regularization
fermion-fermion interaction

and S-wave interactions with
@ For arbitrary regularization ap and ag + rp; and P-wave
method interactions with a;



Hartree-Fock diagrams resummed
tm = Squares joined by inward ty arises by expanding the I vertices

lines

> - —

Hartree Fock

It is an interesting combinatorial problem to get éig:—%'I‘rlog [l = tmld]
Alarcén,JAO,Ann.Phys.437,168741(2022)

e The reformulation of many-body
field-theory in jA0 PrCE5,025204(2002)
drives to an adequate arrangement
of the diagrams and solves their

@ For arbitrary vacuum
fermion-fermion interaction
@ For arbitrary regularization

resummation method



In-medium many-body formalism: One-nucleon sector

Vacuum-vacuum transition amplitude
"7 = (00t |0 )
In QCD/ChPT, typically J = {v, a, s, p}
Lext = L3cp + V" (vu +7534) g — G (s — ip) q

Gasser,Sainio,Svarc,NPB307(1988)
One-nucleon-one-nucleon transition amplitude

Z(P', P)J] = (Plus|Pin) s

gﬂ'N = _%ZDd}
fszn+$wN+ﬁT/1+1;77

7 is a fermionic source



In-medium many-body formalism

JAO, PRC65(2002): Similar ideas to many-body field theory:

1n out H a(p,,a n). |Vacuum)

L= Ly (Do — V) +i + 4
~~ —

Pure Mesonic Bilinear

Mesons exchanged:
Light, Heavier ones (M — oo contact interactions)

eifk[J] — (Qout ‘ Qin> J

Generating Functional: Fermions in the Fermi sea are integrated
out



e'? 1] :/[dU]exp{i/de,,

ME . .
+Tr/ (g n)(3p)/d3xd3y e '"Plog.7 (x, y)e’py}
™

Tr Trace over discrete internal indices

_ (09(ke —|pI) 0
“”‘( "0 wm—m@

_ I/dt/ dt/eIHot,YO[ }(k' y)aﬂe_’Hot/
L < L=l |
@ = [V o+ -V LDQ AV iV E‘L v DGy
10g7

Vacuum fermion propagator: DO_1 =

(P — p?/(2m) + i€)



Perturbative Expansion

@ Series expansion of _ .
og(1+¢) = — 3 (~1)7e/d 2V~ fianes];focss

@ d is the number of Fermi-sea / /Tr(V[I Dy v 7]|(X'y)n(p)>dxdye’vp(x7)/)

insertions "
/ d / 3/T ip(x=y) 7"7(’( 4 )dxdx dy dy’
@ Each of them provides an extra (2m)

(=) sign x (VI Dy VI | eynl@ VI D(;]V]7]|(y/vy)n(p))+...}

@ Notice the symmetry factor
1/d

oy O

In-medium Generalized Vertices (IGV's)



Integral equation (IE) for t,,(a)
] a:%(kl—i-kg), p:%(kl—k2)

Vacuum intermediate states G(p)

d3k | k, o1, 0 hX¢ k, o1, 0
G(p)= B :_m/(zw)3 : klszzpfiel :

Vacuum T matrix ty ty =V - VG(p)ty

Mixed intermediate states L,,(p, a)

C ] C Q
g g . g d®k O(kp — |a+k|)+ 0(kp — |a—k|) . X
Lm(P, a)_ : . % é . g :—m/(27r)3 F—la K2 712 a |pk, o1, 02)(pk, o1, 02
In-medium T matrix t,(a) tm(a) = tv + tvL,(p, a)tm(a)

e |k| is bounded in L, and Ly

tm =V+V(G(p)— L.(p, tm
No extra divergences stem from L, (@) +V(6(p) (p.a)) tm(a)



The formula for &« gives real values

Eqp = —éTrIog [l — tmld]
,- tm(@) ™t = V£ G — Liy(p, a)
= —5Irlog [tm(t,," — La)]

Ep = —éTrIog [A71B]

A=V14+ G~ Ln(p a)
B=V"14G—Ln(p a)—Ly(p, a)

Within the Fermi seas, where the Tr is taken: A = Bf
| — ty, Ly is a unitary matrix
We diagonalize it and sum over its eigenvalues for calculating
Trlog[l — tmLy]

Alarcén,JAO,Ann.Phys.437,168741(2022)



Partial waves

@ Low energies: One typically characterizes ty by summing over
partial-wave amplitudes (PWAs)

@ But in the medium the scattering depends on the total
three-momentum (2a)

Notice, . A 0,6
/dk Y (k)Y (k)0 — |az + k) # 0
Lm(p, Ra) = RLp(p, a)R!
Transformation under a Lqy(p, Ra) = RLy4(p a)RT
rotation R , |

ty = Rl‘v:"?Jr
tm(Ra) = Rty (a)RT



First simplification
e The integration over § is trivial — 47

EpmDi Z /pdp/ 2da/

012,012

AP, 01020100 log [I — tm(aZ)Ly(p, a2)] |p, o1020100) A

Partial-wave expansion

|p, O’1(T2O£16Y2>A =VAar Z (010203\51525)(m03,u|€5J)(a1a2i3|Tl7'2/)Ye’"(ﬁ)*

Juts
x x(SeN)|JplSlisp)
1— (_1)€+5+I
Sth)= , L+S5+1=o0dd
x(S41) 7
cg’g:fmz—; X(Sﬁl)z/ pdp/ a*da(JutSlisp|log [ —tm(a2)La(p, a2)]|JuulSlizp)
0 0
J,u, l

S 13



Mixing of J's for az. IE for t,,(aZ) in PWAs

[v], [tv], [tm] matrices in the space of coupled PWAs

[tm(a2)1(p", p) = [tv](P', )

m o 2
"y /o o pzk— —[tV](p k) - 7 [tm(a2)](K. P)

[tv](p' k) s e, = 8y gy (S 1l Pty J2pbo SK)

B hoptr sty = —2Xx(SL2)X(St) D (m3sspll2Sk)(massyull1S0y)

m3s3
X /dkvgs(k)*veTS(k)e(kF — |k — az]) .

Example: ;1 =0, 3Py — 3Py:

] N L2 2 A2 0/ PN 2
%:—2/dk{|vl(k)| b1 R |
3

3

[

3 )}9(5 — |k + az|)

W[
o
N
WIN



Conserved: g/ =p S'=S (=1)¢=(-1)"

Table: Conserved quantum numbers in the in-medium PWAs

Symmetry relations:

(o — u1aS1p' |tm(a2)| I — p1l1S1p) = (—1) 2T (Uopu1 o519 | tm(a2)| I pa b1 S1p
(_1)J1+J2 =41 T 0

(J1p161S1p|tm(a2)| Sopir€251p") = (Jop1laS1p' [tm(a2)] S pa b1 S1p)



Explicit solution: Contact-interaction potential .01
n coupled PWAs

N
Vag(k, p) = kéapé,g Z Vaﬁ;ijkz(i_l)Pz(j_l)
ij=1
Vag (k. p) = [ka] " - [v] - [Pg]
[vi1] [vi2] ... [van]
[v] = [vo1] [va2] .- [van]
vl o2l o [van)

N(a—1) places

tv(k,p) = [kl - [E(P)] - [P8] .



[tv(p)] is given by the algebraic equation

[tv(p)] = [vI = [v] - ¥ (p)] - [Ev(P)]

[Ev(p)] = (/ + V] [4(p)) " - [V]

9(0)es] =~z [ g Velllol”

Divergent integrals [General cutoff regularization van iolcko0]

m
)
2 0

6, depends on the scheme (DR is 6, = 0)

o0
L, = dkk"t = 0,A"

Renormalization: Matching with the Effective Range
Expansion (ERE) in vacuum (kg = 0)

M
B evp. ) ) + 0P (p) = —(a) 7 (06 + Y (e

(a), (r) and (vé(zi)): n x n matrices , (p)¢ = diag(p™, ..., p'n)



Once renormalized with 6, # 0 and A — oo, the solution is

tv(k,q) = ;(k)ZT(p)qe , Off-shell
m(p)t=—(@)"+ = ( —i—Z( (2' p? —i(p")?(p) . on-shell

Reason: p, k < kg (ke/N — 0)
1
pcotd

Coupled: 7(p) = (p)_ezzj(SJs —1)(p)~"

We can take M — oo

Uncoupled: 7(p) =

Solution for the in-medium ¢,
tm(k. ) = * (K'Y () ()
Tm(p) = 7(p) = 7(P) ()l Tm(p) = (7(p) " + Eim(p)])
(el =2 | g ) 2 (k)

™ Jo k2—p



Analyticity, N/D, and ty(k, q) for any M in ERE

[Uncoupled PWA-case] Lippmann-Schwinger Equation
tv(q.r) = (ar)'re(q® r?), V(q.r) = (qr)'w(q? r?)

2 2 2 2y, 2 [7 dq’ > 2\ 20 2 o
(g%, r7) = w(q” r7) + = ,Qiz.w(q-q )q " Gr(q'", r7)
TJo q° —pc—e

2 20 2
= w(q®, r*) —w(q®. d°)qd" Gr(q'", r?)
N/D methOd Chew,Mandelstam'60
2 — 2
70(q%,¢'%) = D (p*)n(q*, ¢7)

2
1) D(p?) has only RHC 3) For on-shell scattering

2) Contact interact.— n(p?, p?) =1 oscino

2\ - .
No L-C—> n(q?, q'7) is a rational 2)3ID(p?) p2 /P2, p? >0
function

2 20
(g, r?) = Di(p*)w(q® r*) —w(a® 4" )q" " RG n(q”, r?)
Q(q?,r?) Polynomial

= D,(p?)w(q? r?) + Q(q% r?)




It follows
D,(p?) is fixed by the experimental

D.( 2) _ 1-Q(p%) scattering data
, () .
2 1 1
2 2y w(g® q7) 2 2 D.(p?) = —=+ =mp* + Z Ump>™
UCEL A = R CAL A a 20
~ () e = " cot
w(p?)

w(d? ) = Lo gm0 wapd > a*

—2(a+p8)
Wag O(A )

This implies n(q?, q’2) —1
A—o0

(a9
tv(q.q') = .
v(g.q) P20+ cot b, — jp2ttt
(99')"
p2t+l cot 6y — ip2t+t — q’eLmq’Z

tm(q,q') =



Applications: S waves  Alarcén, JAO,Ann.Phys.437,168741(2022)
v(k,p) = o
1 -1
Tm(P) = (— —ip+Ym(p ))
8k2 ) Vi-s? aokr |
=3 / ds/ kdk arctan (1 Yy
s=a/kr, k =p/kr , R+ iml = (9 — ip)7/ke

= 3kg? ¢ 5v
&= 10m {5 + aok/: 3(30/([:)2 te }

Bertsch parameter

1 V1—s2 /
E=1- 80/ dssz/ dkk arctan <7T> = 0.5066.
T 0 0 R




One cannot take the parametric derivatives inside the integral!, as
Kaiser'11 did

1 52
/
—8077/ dss/ R2+ l —1.886

V1—s2 R/
v = 4872 / dss/ [R2+7r212]221'47

alkF) in orthogonal

polynomials and the right result is

¢ = —0.2980
v =0.1162

QMC: ¢ = —0.901(2) and v = 0.49(2) Gandolfi,Kevin,Carlson
PRA83(2011)



One cannot take the parametric derivatives inside the integral!

Physical reason: In-medium poles in the S-wave amplitude at the
Fermi surface K = /1 — s and s € [0, 1]

Tm(p) = <—1 —ip+ %(P)) h

a0

1 ™
= h{—|(1-— 1
Kk = tan (/1 [ 230kF]> , K E [0, ]

Smooth transition as a function

tor of ]./a()k[:
osf \ Cooper pairs for agke — —0c0
o o8l ] Total momentum, P = 2kgs — 0,
« ] and relative momentum
4 p = kFIi — kF
: ] Unitary limit: P = 2skr = 1.11kr
e a5 G0 s oo o5 and p = kkrp = 0.88kg

Wagke)

Molecular side: 2/7 > agkg > 0



E/ Efree

1of ]
09F ]
08f . B ]
----- Lacroix with §p=0.44
07k ALl mmme= Lacroix with §p=0.37 1
06l O Chang et al. PRA 70 (2004)
o5l Astrakharchik et al. PRL 93 (2004) ]
(éﬁ O Gezerlis et al. PRC(R) 77 (2008)
0.4 ]
é —— This work
03, | | | |
0 1 2 3 4
1
akr

Including rp and v,

Lacroix: Density functionals

Rest: Quantum Montecarlo [QM] calc.

1
v(k,p) =c + §cz(k2 + p?)

tm(k, p) = —

a

+ 310P? — ip + Ym(p)



Including rp and v,

8k5/ dss? / Vi dkk arctan 20ke |
m7r3 —aorok /<;2/2—aok;:R/7r

Bertsch parameter in the unitary limit (rokr)

80 [t , [V 7l
ke)=1— — d d t _—
&(ke) - /0 ss /0 KK arctan (FfokFH2/2 n R)

f(kF) §( 0)+77er0k[:+(5 (rok[:)

Our results [normal matter]: 1. = —0.0859, d. = 0.0644883
QMC MNe = 0127, 56 = 70055 Forbes, Gandolfi,Gezerlis'12



Dependence of £ with ry

Blue dashed: DFT Lacroix et al.'17
Circles: Schwenk, Pethick'05
Squares: QMC Forbes et al.’11;'12
Area: Schifer et al'05

&(roke)

1.0f
—_—
09f a0 ke
T i Blue dashed: DFT
8 0F ue dashed: Lacroix'19
'-’ilg % - _au‘kF +;_(r0 ke) K2+(Vg) k%)K4
w ozt Squares: QMC Gezerlies, Carlson'10
06f
0sL . . . . :




Inclusion of v,

v(k, p) = co + c2(k* + p?) + ca(k* + p*)

_ 8kp Vi=st kel
—3 / / dkk arctan do F(2)
mm 1— agrok2k?/2 — agvy” kik* — agke R /7

Vi=s?
E(ke)=1— @ dss / dkk arctan ( / )
77

rokpk2/2 + véz)k?_-/{“ + R/m

§(kr) = &(ro 0)+77efok/—'+7evé )kF+5 (roke)? +

Our result: v = —0.164



E/N (MeV)

For neutron matter ag = —18.95 &+ 0.40 fm chen et o108, rp = 2.75 fm
and V2 - —050 fm3 Navarro et al.’16

40 1

-
1,1, 02
PR .

30 % znp

I S ) '}
—_— =4 TP +V
o2 op“+Vo P

20 Dots: Variational calc. Akmar et al."84

0.00 0.05 0.10 0.15 0.20 0.25 0.30

p (fm~)



Tan contact parameter:

%€ /(Nkr) = 312C/kt, such that Braaten(2012)

,d&

C = 47Tmaog
0

Related to the short-distance correlation and long-tail in
momentum of the momentum distribution of the number operator

6 - 5
----- £=0.37
Sfmmmm- =044 4
4 --== Werner et al. EPJ B 61 (2009) ]
< fomems - Haussmann et al. PRA 80 (2009) i 5
— Thi /
é st This work ,,,f o
S * Kuhnleetal. PRL 150 (2010) s )

Experiment

0.0 0 1 2 3 4 5
1/(aok;) roke

Dashed lines Lacroix'16



Applications: P waves  Alarcén, JAO,Ann Phys.437,168741(2022)

V(k.p)=k-p (0'0 + %dz(k2 + P2)>

Two counterterms are needed to renormalize P-wave interactions
in cutoff regularization. This was already found in eeruiani et 21702

In dimensional regularization only one counterterms is needed
Kaiser'12.

We reproduce his results both in vacuum and in-medium alrcon 1a022
appendix € 2, but cutoff regularization is the adequate procedure for
nonpertu rbative calculations philiips et 21798, Bertulani et 21°02, JAO'20:'18, etc

A kp -1
tv(k p) = — — +O0(N7)
m —a% + 3rp2 — ip3

In-medium tp,(k, p): 3Py, 3P; and 3P, mix



E/Eqee

E/Efree

4
n = 0

’ Gray area: Forbidden pole configuration %(i/al)1/3 >0
0
-2

-1.0 -05 00 05 1.0

~1l(ayk})
~04F T y y
-05F
—osf r/kr dependence with a; kE = oo
-07f
-08F
-09f
-10 \/
14k
-1.0 ~05 0.0 05 1.0

rylke



In the whole a;,n p|ane Alarcén,JAO,arXiv:2107.080501 [nucl-th]

-1 k . .
u=tanh —5 , v =tanh il , signuv = —signas
airy n

e uv < 0 or a; > 0 gives rise to forbidden pole structures

e But this is not sufficient condition to disregard those values of a;
and rp

e Non-allowed poles occur e.g. in NN PWAs
1Pilay = 2.76 fm3, r; = —6.54 fm~!] and
3P1[a; = 1.54 fm3, n = —8.40 fm_l]

But they lie at |p| > m;/2, out of the convergence region of ERE
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A e e,

L AT AT
W 7 AL AL
i

e
L AT FF ,;/‘
=

Vaws
e

=
o o
el
7S
LA
.......‘

S
/\\ / Red lines: Minima of &

Dark areas: Forbidden poles |p;| such that

ke /lpil > 0.5

No allowed minima of & are found!



In the unitary limit

-1 k
u—=0[x=—35—0], v—>0[y:—F%O]
airry r

r; contributes nonperturbatively and the result depends on the
direction approaching the unitary limit

32
& = m—mf(x,y)
fO,y)=14+&y, x=0,]y| <1

y? y®
f(x,y) = 1+§27 +§3; Cly/xl <1

& = —6.4054, & = —0.9549, £3 = 0.2049 are universal parameters

& and & do not receive further higher-order contributions



Applications: Neutron matter [PNM]Alarcén, JAO, forthcoming

@ Our results for the resummation of ladder diagrams are
renormalized

@ tn, and & are expressed directly in terms of experimental
phase shifts and mixing angles

@ We show them up to kg < 150 MeV. The off-shell part
o qufl reflects the contact-interaction nature assumed as
starting point. LC p? < —m?2 /4.

o In density up to p < 1.5-1072 fm~3

¥ NLEFT
HEFT 2N
41 m 6Co8 Our results: Solid line
< G13 Unitary limit: ag — oo, dotted line
— e P8l S-wave: ag = —18.95 fm, dashed line
% 34 .o Unitary limit S-wave: ag + ro(= 2.75) fm, dash-dotted line
= ——- With ap NLEFT: NLO Chiral-EFT on the lattice Epelbaum et
= —-=- With ag and ro al.'09 e . X ,
o 29 FP81: Variational calculation Friedman,Pandharipande’81
G13: Auxiliary-Field QMC: N2LO x NN potential
Za Gezerlies et al."13
11 (,,{ HEFT 2N: Auxiliary-Field QMC: Vjo,, _x N3LO x NN
Mﬁ"‘, potential Wlazlowski et al'14
R iy GC08: QMC calculations Gezerlis, Carlson’08

T T ; T :
0 20 40 60 8O0 100 120 140
kr [MeV]



1LOP 2p 08  p? 0?&
c2(p) =

Symmetry energy
5(p) = épnm(p) — Esnm(p)

L Slope of S(p) at po
L = 3,0 dS(P)

(p, XP)’ XP = pp/p Gandolfi et al.'18
P

Epxp) = E(p. 1)+ G (£)7° (1= 20)?

m@p m8p+;87p2

P[MeV /fm?3]

0.00

0

20 40 60 80 100 120 140
ke [MeV]

0010

0.008

0.006

W
0.004

0.002

0.000

20 40 60 80 100 120 140
K [MeV]

20 40 60 80 100 120 140
ke [MeV]



Fit: So, L Nuclei, heavy-ion collisions, supernovae, neutron stars,

neutron-star mergers, ...

é_a(p, Xp), XP = pp/p Gandolfi et al.’18

Fox) =Fp3)+ G (L) =25y

L =3Csvs

Result of the Fit. Central values
Cs = 34.3 MeV, v, = 0.672

Empirical bands extracted from static dipole polarizability
in nuclei 280Pb, 68F’b, 1205, Roca-Maza et al.'15
Perturbative x-EFT at NLO,N2LO,N3LO Holt,Kaiser'17

100

__. mopp 4
s
8071 . 120g,
e This work
604 * NLOI[38]
< + nN2Lo [38]
[ + N3LO[38]
= 40
-
204
o

2‘5 2'8 36 3‘2 3‘4 3'5 3‘8
Sy [MeV]
Correlation ellipse at 95% C.L.

31 MeV < 55 < 38 MeV
57 MeV < L < 84 MeV



Partial-wave decomposition

--- S-wave

—-= S+P-waves

4 -~ S+P+D-waves
—— S+P+D+F-waves
——- A=1My

39 A=1.5 My

5 /
2 = It is dominated by the S wave-
e 150 PWA

0 20 4 60 80 100 120 140
ke [MeV]

Regulator: exp(—(q — My /2)?/A?) for off-shell g > M, /2
[entering in Lp)
For kr < 120 MeV there is no significant impact for A = M,

Its effect increases for higher kg, as expected



Symmetric Nuclear Matter [SNM]  Alarcén,JAO, forthcoming

e Up to ke < 150 MeV or p =3 -1072 fm~3

E/A [MeV]

. T . . T . :
0 20 40 60 80 100 120 140
ke [MeV]

FP81: MC variational calc. Friedman,Pandharipande’91
SealL1: Density Functional calc. Bulgrac et a/.'18

Spinodal instability

& >0 up to ke < 70 MeV. SNM is
no the most favorable phase, o and
heavy nuclei form Shen et a/.'98



P and ¢?

P [MeV / fm3]

0.000

~0.005

-0.010

-0.015

-0.020

-0.025

-0.030

-0.035

-0.040

20 40 60 80 100 120 140
ke [MeV]

P > 0 up to kg =59 MeV

c2<Ouptokp =& =140MeVor p=24-10"2fm3 [K= =

0002

0001

Y 0.000
-0.001
-0.002

20 4 60 80 100 120 140
ke [MeV]

mp

gc ~ 190 MeV shen et 2108 and fc ~ 200 MeV wmachleidt et af



Partial-wave decomposition

E/A [MeV]

- S-wave
—-- S+P-waves
i -+ S+P+D-waves
—— S+P+D+F-waves
——= A=1Mp
=31 A=1.5 M,
— Full

-4 . . . .
0 20 40 60 80
ke [MeV]

Dominance of S-waves
P-wave contribution is repulsive,
but cancelled by higher waves

Regulator: exp(—(q — My /2)?/A?) for off-shell g > M, /2

[entering in Lpy]

For kg < 120 MeV there is not impact on A 2 M,

It keeps growing for kg > 120 MeV, as expected



Conclusions

©0 00

© 0

The ladder diagrams to calculate & = E/A is resummed

This is done for arbitrary vacuum fermion-fermion interactions
And also for arbitrary regularization method

The case of contact interactions is fully solved for arbitrary
cutoff regularization

DR regularization is disregarded [for finite order ERE]

Renormalized & is obtained and expressed in terms of
experimental scattering data. No free parameters, no scale
dependence.



@ Application to S waves: Including ag, ry, v2

© Application to P waves: Including a; and r.
@ No minima of & is found for arbitrary a; and
@ PNM and SNM are studied for kg < 150 MeV
@ &, P, 2, K, S(p), So and L are provided

@® One could use the results from the ladder
resummation--contact-interactions to restrict EOS
parameterizations for low p
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