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▶ Nuclear physics programs are not defined at the moment when 
accelerators and detectors are commissioned, but evolve as 
experimentalists and theorists work together to extract data and 
meaning 
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answer.

• A few vignettes of recent progress in nuclear theory 
▶ amazing breadth of activity 
▶ strong cross talk with other fields: numerical relativity, quantum 
chemistry, condensed matter physics, string theory, particle theory, 
cosmology… the sign of vibrant science

• Nuclear theory in the context of the Long Range Plan 
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some selected highlights:
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2004: Viscosity bound from AdS/CFT?  
(Kovtun, Son, Starinets)

5d anti de Sitter space
black hole

4d Minkowski space
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 1. Viscosity and the QGP

some selected highlights:

!
2007: Numerical determination of QGP viscosity from relativistic hydro computation,   
  fitting to v2  (Romatschke2) 

3

algorithm agrees with the results from Ref. [19] for cen-
tral collisions, when dropping the extra terms in Eq. (2).
Also, our code passes the fluctuation test from Ref. [16],
shown in Fig. 1. We thus have some confidence that our
numerical algorithm solves Eq. (2) correctly.

When solving the set of equations (2), we set the ratio
η/s to be constant throughout the evolution of the sys-
tem, since modeling any space-time dependence would
necessarily introduce more unknown parameters. There-
fore, results on η/s quoted below should be considered
as mean values over the entire system evolution.

To make contact with experiment, the hydrodynamic
variables are translated into particle spectra via the
Cooper-Frye freeze-out mechanism [20] (adapted to VH
[8, 16], see also [17]). For simplicity, we use a single
freeze-out temperature Tf but include the effect of res-
onance decays with masses up to 2 GeV on the spectra
[21, 22]. The normalization of the initial energy den-
sity and Tf are chosen such that the experimental data
on total multiplicity and mean transverse momentum
< pT > as a function of total number of participants
NPart =

∫

d2x⊥nPart(x⊥,b) are reasonably reproduced
by our model (see Fig. 2). We choose to fit to kaons
rather than pions because the former are influenced less
by Bose enhancement effects, which we have ignored [19].
Note that for simplicity our model does not include a
finite baryon chemical potential, prohibiting us to dis-
tinguish particles from anti-particles. As a consequence,
results for protons cannot be expected to match exper-
imental data. Starting from ideal hydrodynamics with
a freeze-out temperature Tf = 150 MeV, we have found
that reasonable fits to dN/dy and < pT > for VH can
be accomplished by keeping Tf fixed and reducing the
initial entropy density by 75 η/s percent to correct for
the viscous entropy production [19].

In Fig. 3 we compare our hydrodynamic model with
the above fit parameters to experimental data on the in-
tegrated and minimum bias elliptic flow v2, respectively.
Shown are results for ideal hydrodynamics and VH for
the initial condition ϵ ∼ nColl at an initial time τ0 = 1
fm/c. The results hardly change when assuming instead
s ∼ nPart as initial condition (see also [14]) or varying τ0

by a factor of two. Interestingly, we also find that chang-
ing τΠ hardly affects the results shown. Note that this
depends on the presence of the terms in the last line of
Eq. (2): if these terms are dropped, increasing τΠ tends
to further suppress v2 in line with the trend found in [19].

For the above initial conditions, we have noted that
there is also hardly any effect from the vorticity term.
This can be understood as follows: noting that for uη = 0
the only non-trivial vorticity is ωxy, which vanishes ini-
tially because of ux = uy = 0 and forming the com-
bination ∇xDuy − ∇yDux we find –up to third order
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FIG. 3: PHOBOS [24] data on pT integrated v2 and STAR
[25] data on minimum bias v2, for charged particles in Au+Au
collisions at

√
s = 200 GeV, compared to our hydrodynamic

model for various viscosity ratios η/s. Error bars for PHO-
BOS data show 90% confidence level systematic errors while
for STAR only statistical errors are shown.

corrections–

Dωxy + ωxy

[

∇µuµ +
Dp

ϵ + p
−

Duτ

uτ

]

= O(Π3). (3)

This is the relativistic generalization of the vorticity
equation, well known in atmospheric sciences [26]. Start-
ing from ωxy = 0, Eq. (3) implies a very slow buildup of
vorticity, explaining the tiny overall effect of the vorticity
term in Eq. (2). Note that upon dropping the assumption
uη = 0, this term can become important [27].

From Fig. 3 it can be seen that the effect from viscos-
ity on the elliptic flow is strong, in line with estimates
from Ref. [17]. Data on integrated v2 is fairly well re-
produced by a viscosity of η/s ∼ 0.08 and – within sys-
tematic errors – seems to be consistent with η/s ∼ 0.16.
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Discovery of importance of higher harmonics arising from initial 
state fluctuations  -- the cosmological analogy (2010)
Constraining viscosity of the quark-gluon plasma 

using the higher harmonics of collective flow: 

Hot spots provide 
correlated 

higher harmonics

M. Luzum; D. Teaney; ...

STAR Coll

Lattice QCDxQED confirms the existence 
of the chiral magnetic effect (CME):

arXiv:1105.0385, PRL 

CME may be responsible for the 
observed charge dependence 

of the collective flow

Constraints on	

viscosity of hydro flow

Alver & Roland;	

Luzum; Teaney;...
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CME may be responsible for the 
observed charge dependence 

of the collective flow

Constraints on	

viscosity of hydro flow

Alver & Roland;	

Luzum; Teaney;...

Perhaps charge separation is due to the topological 	

 “chiral magnetic effect”  	

(Kharzheev et al., 2006 - 2010)

Fig. 1. Illustration of the Chiral Magnetic Effect in a very large homogeneous mag-
netic field. The red arrows denote the direction of momentum, the blue arrows – the
spin of the quarks. (1) Due to the very large magnetic field the up and down quarks
are all in the lowest Landau level and can only move along the direction of the mag-
netic field. Initially there are as many left-handed as right-handed quarks. (2) The
quarks interact with a gauge configuration with nonzero Qw. Assuming Qw = −1,
this will convert a left-handed up/down quark into a right-handed up/down quark
by reversing the direction of momentum. (3) The right-handed up quarks will move
upwards, the right-handed down quarks will move downwards. A charge difference
of Q = 2e will be created between two sides of a plane perpendicular to the magnetic
field.

where qf is the charge in units of e of a quark with flavor f . For Nf = 2 and
Nf = 3 the relation above becomes Q = 2Qw and Q = 8

3
Qw respectively. An

alternative derivation of this result is presented in Appendix B.
Since Eq. (16) was obtained in the most ideal case, i.e. chiral limit and an

extremely large magnetic field, Eq. (16) has to be an upper limit. Therefore
there is a maximum amount of charge that can be separated by a particular
gauge field configuration in a homogeneous background magnetic field; in other
words

|Q| ≤ 2|Qw|
∑

f

|qf |. (17)

In our derivation we ignored the back-reaction due to the electric field
created by the separating charges. We believe that this back-reaction can only
give rise to a small suppression of the effect. This is because the size of the
electric field will be much smaller than eB since there are very few particles
involved. Moreover, in the physical case we are interested in, a heavy ion
collision, the color forces will surely dominate.

Since the separation is independent of color, the mechanism will not create
a net color charge difference. Therefore we can safely ignore a gluonic back-
reaction.

4.2 Moderate Magnetic Field

Now that we considered the ideal situation with an extremely large magnetic
field, let us estimate the amount of charge separated in a moderate homoge-

10

Derivation of initial quantum fluctuations:	

K. Dusling, F. Gelis and R. Venugopalan (2011) !
K. Dusling, T. Epelbaum, F. Gelis and R. Venugopalan, 
(2012)
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2013: Modeling of anisotropies, from initial fluctuations through hydrodynamical  
  evolution, allowing determination of the temperature dependence of the  
  viscosity (rising with T?!) - Gale, Jeon, Schenke, Tribedy, Venugopalan 

3
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FIG. 4. (Color online) Root-mean-square anisotropic flow co-
efficients ⟨v2n⟩

1/2, computed as a function of centrality, com-
pared to experimental data of vn{2}, n ∈ {2, 3, 4}, by the
ALICE collaboration [3] (points). Results are for 200 events
per centrality with bands indicating statistical errors.
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FIG. 5. (Color online) Comparison of vn(pT ) using two dif-
ferent switching times τswitch = 0.2 fm/c (wide), and 0.4 fm/c
(narrow). Experimental data by the ATLAS collaboration us-
ing the event-plane (EP) method [4] (points). Bands indicate
statistical errors.

The effect of changing the switching time from
τswitch = 0.2 fm/c to τswitch = 0.4 fm/c is shown in Fig. 5.
Results agree within statistical errors, but tend to be
slightly lower for the later switching time. The nonlinear
interactions of classical fields become weaker as the sys-
tem expands and therefore Yang-Mills dynamics is less
effective than hydrodynamics in building up flow at late
times. Yet it is reassuring that there is a window in time
where both descriptions produce equivalent results.

Because a constant η/s is at best a rough effective
measure of the evolving shear viscosity to entropy den-
sity ratio, we present results for a parametrized temper-
ature dependent η/s, following [33]. We use the same
parametrization (HH-HQ) as in [33, 34] with a minimum
of η/s(T ) = 0.08 at T = Ttr = 180MeV. The result,
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FIG. 6. (Color online) Comparison of vn(pT ) using con-
stant η/s = 0.2 and a temperature dependent η/s(T ) as
parametrized in [33]. Experimental data by the ATLAS col-
laboration using the event-plane (EP) method [4] (points).
Bands indicate statistical errors.

compared to η/s = 0.2 is shown for 20− 30% central col-
lisions in Fig. 6. The results are indistinguishable when
studying just one collision energy. The insensitivity of
our results to two very different functional forms may
suggest that a very large fraction of the magnitude of
the flow coefficients is built up at later times when η/s
is very small. Also, since second order viscous hydrody-
namics breaks down when Πµν is comparable to the ideal
terms, our framework may be inadequate for large values
of η/s.

At top RHIC energy, as shown in Fig. 7, the experi-
mental data from STAR [35] and PHENIX [1] is well de-
scribed when using a constant η/s = 0.12, which is about
40% smaller than the value at LHC. A larger effective η/s
at LHC than at RHIC was also found in [36]. The tem-
perature dependent η/s(T ) used to describe LHC data
works well for low-pT RHIC data, but underestimates
v2(pT ) and v3(pT ) for pT > 1GeV. The parametrizations
of η/s(T ) in the literature are not definitive and signif-
icant improvements are necessary. Our studies suggest
great potential for extracting the temperature dependent
properties of QCD transport coefficients by performing
complementary experiments extracting flow harmonics at
both RHIC and LHC.

In Fig. 8 we present results for v1(pT ) compared to ex-
perimental data from ALICE [37], extracted in [39], and
from ATLAS [38]. v1(pT ) cannot be positive definite be-
cause momentum conservation requires ⟨v1(pT )pT ⟩ = 0.
There is a disagreement between the experimental results
(discussed in [38]) and between theory and experiment at
LHC. On the other hand, v1(pT ) at RHIC is very well re-
produced (see Fig. 7). One possible explanation for the
data crossing v1(pT ) = 0 at a lower pT than the calcu-
lation at LHC could be the underestimation of the pion
pT -spectra at very low pT – see Fig. 2. However, this is

B. Schenke

Low viscosity High viscosity
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Figure 1: Anisotropic expansion. (A) Cloud absorption images for 0.2, 0 .3, 0.6, 0.9, 1.2 ms
expansion time, E = 2.3EF ; (B) Aspect ratio versus time. The expansion rate decreases at
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Extraction of η/s in cold trapped atoms from elliptic flow & breathing modes
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Figure 3: Estimated ratio of the shear viscosity to the entropy density. Blue circles: Breathing
mode measurements; Red squares: Anisotropic expansion measurements; Inset: Red dashed
line denotes the string theory limit. Bars denote statistical error arising from the uncertainty in
E, ᾱ, and S (20).
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Cao et al., 2010 

From heavy ion collisions to cold trapped fermionic atoms… the same physics 
spanning 25 orders of magnitude in scale
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Hard problems are being solved by importing 
tools from diverse fields of physics!
!
One sees the same problems echoed at 
many different scales!
!
High fallutin' theory and creative modeling 
work hand-in-hand toward creating a 
comprehensive theory!
!
New theory ideas change experiments
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2. “QGP” from AdS/CFT

Not QCD, but in some ways 
not too different
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2. “QGP” from AdS/CFT

some highlights (Chesler & Yaffe 2013, JHEP 1407 (2014) 086 ):  
solutions to Einstein eqs in 5d anti de Sitter space-time

R

R

t

t

z

z

Sunday, August 4, 13

Figure 10. The relative deviation R of the spatial stress tensor from prediction of first order viscous
hydrodynamics for the case of wide shocks (top) and narrow shocks (bottom). As detailed in the text,
we only display the region H = {(t, z) : R(t, z)  0.15} where the residual is no more than 0.15. The
dashed curve, discussed in the text, is defined by eq. (4.39). For both cases, viscous hydrodynamics
becomes a good description near mid rapidity when t & 2.

an expanding volume of fluid which is well described by hydrodynamics everywhere except

near the light cone, where non-hydrodynamic e↵ects become important. At mid-rapidity,

viscous hydrodynamics becomes a good description when t & 2 [30].

As was noted in refs. [27, 30], even in the region H where viscous hydrodynamics works

at the 15% level or better, the first order viscous corrections are not small. The viscous

stress tensor �2⌘�
µ⌫

in eq. (4.36) can be just as large as the zeroth order ideal fluid term.

One manifestation of this is that in the local rest frame of the fluid (where uµ = �µ
0

), the

spatial stress hT local

ij

i can be highly anisotropic with very di↵erent eigenvalues (i.e. pressures)

in each direction. In the local fluid rest frame, this anisotropy is solely due to the gradient

– 49 –

Test of validity of  
1st order viscous 
hydrodynamics in the 
collision of shock waves  
!
(R = relative deviation; 
blue = good, red = bad)

narrow 
shocks

wide 
shocks

Not QCD, but in some ways 
not too different
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emergence of 
turbulent flow  
through cascade 
of  plasma 
instabilities  

(Chesler & Yaffe  
2013):

“QGP” from AdS/CFT

Figure 15. The boundary vorticity at six di↵erent times. The initial conditions shown at time t = 0
give rise to an instability which produces many vortices as seen in the subsequent evolution at times
t � 1248. Vortices colored red (blue) correspond to clockwise (counterclockwise) fluid rotation. As
time progresses, vortices of like rotation tend to combine to produce larger and larger vortices.
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Development of simple scaling  
behavior in power spectrum

Figure 15. The boundary vorticity at six di↵erent times. The initial conditions shown at time t = 0
give rise to an instability which produces many vortices as seen in the subsequent evolution at times
t � 1248. Vortices colored red (blue) correspond to clockwise (counterclockwise) fluid rotation. As
time progresses, vortices of like rotation tend to combine to produce larger and larger vortices.
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When you wonder if you might be 
approximating the right problem wrong, it can 
help to solve the wrong problem right!
!
Analytical and precise numerical results for 
complex systems are jewels to treasure
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3. The ultimate heavy ion !
! and the ultimate heavy ion collision:
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3. The ultimate heavy ion !
! and the ultimate heavy ion collision:

D. B. Kaplan ~ Nuclear Theory, NSAC subcommittee ~ 9/9/12

Nuclear astrophysics:

Neutron star mergers as an important source of nucleosynthesis?

LIGO should “see” n-star mergers in 2017...will gravitational wave signal fine 
structure tell us about the eq. of state of dense matter?

Nucleosynthesis and gravitational wave signals from n-star mergers 
= two related & overlapping INT programs in 2014

Korobkin et al. 2012

1057 nucleons, 100 MeV/nucleon

Binary neutron star mergers

credit: S. Reddy
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Ligo will “see” n-star mergers ~300 Mpc away (!)… 
1-100 mergers/year by 2016/17 

Andromeda

Ligo, Hanford WA

1Mpc

200-300Mpc

A new era begins: !
gravity wave astronomy!

…with implications for nuclear physics
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Inspiral: !
Gravitational 
waves, Tidal 

Effects & !
Dense Matter EoS

Merger: !
Disruption, NS 

oscillations, ejecta !
and r-process 

nucleosynthesis

Post Merger: !
Ambient conditions  

power GRBs, !
Afterglows, and !
Kilo/Macro Nova

Neutron Star Merger Dynamics 
(General) Relativistic (Very) Heavy-Ion Collisions at ~ 100 MeV/nucleon 

Stiff eq. of state Soft eq. of state
credit: S. Reddy
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D. B. Kaplan ~ Nuclear Theory, NSAC subcommittee ~ 9/9/12

Nuclear astrophysics:

Neutron star mergers as an important source of nucleosynthesis?

LIGO should “see” n-star mergers in 2017...will gravitational wave signal fine 
structure tell us about the eq. of state of dense matter?

Nucleosynthesis and gravitational wave signals from n-star mergers 
= two related & overlapping INT programs in 2014

Korobkin et al. 2012

Are neutron star mergers the site of r-process nucleosynthesis?
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Nucleosynthesis & Neutrinos  

Arcones & Montes 2011

• prompt explosion (Hillebrandt 1978, Hillebrandt et al. 1984)                                                                         

• neutrino-driven wind (Meyer et al. 1992, Woosley et al. 1994)

• shocked surface layers (Ning, Qian, Meyer 2007)

• neutrino-induced in He shells (Banerjee, Haxton, Qian 2011)

• jets (e.g., Winteler et al. 2012)

r-process in core-collapse supernovae? (B2FH 1957)

wind

• prompt explosion (Hillebrandt 1978, Hillebrandt et al. 1984)                                                                         

• neutrino-driven wind (Meyer et al. 1992, Woosley et al. 1994)

• shocked surface layers (Ning, Qian, Meyer 2007)

• neutrino-induced in He shells (Banerjee, Haxton, Qian 2011)

• jets (e.g., Winteler et al. 2012)

r-process in core-collapse supernovae? (B2FH 1957)

wind

Where does the r-process occur?

Rare core-collapse supernovae Neutron star mergers

Cas A (Chandra X-Ray observatory) Neutron-star merger simulation (S. Rosswog)

Neutron stars
neutron starsproto-neutron stars

!
Disks

Balantekin)and)Fuller,)Prog.)Part.)Nucl.)Phys.)71)162)(2013).)

For example understanding a core-collapse supernova requires 
answers to a variety of questions some of which need to be 

answered by nuclear physics, both theoretically and experimentally. MHD jets

Neutrino oscillations play an important role (sets Ye):

Figure Credit: G. Fuller
credit: S. Reddy
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Dynamics & the Neutron Star Crust
Key to understanding a host of time dependent phenomena: !
Glitches, Superbursts, Transient Cooling, Magnetic Field Decay, !
Giant Flares. 

nuclei

neutron
superfluid

Neutron Star Crust:

• Transport properties 
(thermal and electrical 
conductivity, viscosity)   !

• Nuclear and neutrino 
reactions  !

• Superfluid properties 
and vortex dynamics  

Recent theoretical 
work sheds light on:

credit: S. Reddy
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A Microscopic Basis for Crust Models 

• Large scale Hartree-Fock (HF) and 
Time-Dependent HF  !

• Molecular Dynamics at high 
temperatures. !

• Vortex pinning and dynamics. !
• Low energy effective field Theory.    • More(precise(and(efficient(than(sta>c(techniques(((

•  Scales(well(to(leadership(class(compu>ng(
• Directly(simulate(processes(of(interest:(

• Pinning(force(as(a(func>on(of(separa>on(
• Vibra>ons,(Kelvin(waves(
• Crossing(and(reconnec>on(

• Validate(calcula>ons(against(coldNatom(experiments(

Current(Status:(Time5dependent(Algorithms(

 Direct simulations of vortex motion
 Bulgac, Forbes, Sharma (2013)
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Neutron Stars and Supernovae: Microphysics

Mass/Radius relationship

Nuclei (II)

Large scale MD simulations of nuclear pasta formation: 
Nuclear reactions that make a neutron star !

Objectives: !
•  Determine how core of massive star, during 

supernova, transforms from 1055 separate nuclei 
into a single large nucleus --- a newly formed 
neutron star.!

•  Study large-scale shape oscillations associated with 
formation of exotic nuclear pasta phases.!

Impact: !
•  Determine time scales for large-scale 

nuclear shape changes.!
•  Guidance for multifragmentation and 

other heavy-ion reactions. !
•  Determine many transport properties 

important in astrophysics.!

 Accomplishments: !
•  Performed MD simulations 

with � 300,000 nucleons.!
•  Directly determined time 

scales for different nuclear 
pasta shape changes.!

 !
Reference:  A. Schneider 
et al., to be published.!
Contact: C. Horowitz 
horowit@indiana.edu!

!

2014

Monday, July 14, 2014

Crust Dynamics

Gravitational waves and EOS!
Neutron Star Cooling!
Supernovae neutrinos

 Molecular Dynamics of Pasta
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FIG. 2: (Color online) Speeds (in units of the speed of light c) of the longitudinal (left panel) and

transverse (right panel) collective excitations in the inner crust of a neutron star. Dotted curves

show results with neither mixing nor entrainment, dashed curves include effects due to entrainment

only and solid curves include in addition the effects due to mixing.

of the crust. In these regions, the two longitudinal modes will merge and give rise to ordinary

sound as discussed at the end of Sec. III. Note, however, that the values for the speeds of

collective excitations indicated in Table II are expected to remain essentially the same for

temperatures T <∼ 1010 K. Indeed, as shown in Ref. [3], thermal effects have a minor impact

on the equilibrium composition of neutron-star crusts in this temperature range. However,

the crust of a real neutron star may not necessarily be in full thermodynamic equilibrium,

as discussed, e.g., in Sec. 3.4 of Ref. [1]. This could affect the spectrum of collective modes.

V. DISSIPATION

Lattice phonons couple strongly to electrons and easily excite electron-hole pairs in the

dense electron gas. This Landau damping of lattice phonons has been studied in Ref. [40]

and an approximate result of the lattice phonon mean free path was obtained. The mean

free path of a thermal phonon that contributes to thermal conductivity was found to be

λlph =
6π

Ze2 γ v̄

1

qD

F (Tp/T )

Λph−e
≃ 72.5

(
40

Z

)2/3 (
F (Tp/T )

v̄ Λph−e

)
rcell , (38)

where

F (Tp/T ) = 0.014 +
0.03

exp (Tp/(5T )) + 1
, (39)
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collective excitations indicated in Table II are expected to remain essentially the same for
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collective excitations indicated in Table II are expected to remain essentially the same for
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•  Determine how core of massive star, during 
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on the equilibrium composition of neutron-star crusts in this temperature range. However,

the crust of a real neutron star may not necessarily be in full thermodynamic equilibrium,

as discussed, e.g., in Sec. 3.4 of Ref. [1]. This could affect the spectrum of collective modes.
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dense electron gas. This Landau damping of lattice phonons has been studied in Ref. [40]

and an approximate result of the lattice phonon mean free path was obtained. The mean

free path of a thermal phonon that contributes to thermal conductivity was found to be

λlph =
6π

Ze2 γ v̄

1

qD

F (Tp/T )

Λph−e
≃ 72.5

(
40

Z

)2/3 (
F (Tp/T )

v̄ Λph−e

)
rcell , (38)

where

F (Tp/T ) = 0.014 +
0.03

exp (Tp/(5T )) + 1
, (39)

13

Coupled Collective 
(Phonon) modes 

from EFT

 Chamel et al (2013)

credit: S. Reddy

Schneider, Horowitz, Berry (2013)
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New frontiers for nuclear theory are constantly 
opening up.!
!
There are no real boundaries between nuclear 
theory and branches of physics.
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Nuclear Physics:  Exploring the Heart of Matter
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Lattice QCD:

2008 (Dürr et al.):

Precise determination of low-lying hadron 
spectrum with physical dynamical quarks 

4. Advances in Lattice QCD
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FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the m⇡ = 391MeV, 243 ⇥ 128 lattice. The vertical
height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-lying
states having dominant overlap with operators featuring a chromomagnetic construction – their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.

We discuss the specific case of the 0�+ and 1�� sys-
tems in the next subsections.

E. The low-lying pseudoscalars: ⇡, ⌘, ⌘0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ⇡ and ⌘ mesons are exactly stable and ⌘0

is rendered stable since its isospin conserving ⌘⇡⇡ decay
mode is kinematically closed. Because of this, many of
the caveats presented in Section III B do not apply. Fig-
ure 17 shows the quality of the principal correlators from
which we extract the meson masses, in the form of an
e↵ective mass,

me↵ =
1

�t
log

�(t)

�(t+ �t)
, (16)

for the lightest quark mass and largest volume consid-
ered. The e↵ective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.

Figure 18 indicates the detailed quark mass and vol-
ume dependence of the ⌘ and ⌘0 mesons. We have already
commented on the unexplained sensitivity of the ⌘0 mass

to the spatial volume atm⇡ = 391MeV, and we note that
since only a 163 volume was used at m⇡ = 524MeV, the
mass shown there may be an underestimate.
Figure 19 shows the octet-singlet basis mixing angle,

✓ = ↵ � 54.74�, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ⇠ �10� [1, 45–47].

F. The low-lying vector mesons: ⇢,!,�

Figure 20 shows the e↵ective masses of !,� and ⇢ prin-
cipal correlators on the m⇡ = 391MeV, 243⇥128 lattice.
The splitting between the ⇢ and ! is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the ! and � mesons are kine-
matically stable against decay into their lowest thresh-
old channels, ⇡⇡⇡ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.

4 Here we are using a convention where |⌘i = cos ✓|8i � sin ✓|1i,
|⌘0i = sin ✓|8i+cos ✓|1i with 8,1 having the sign conventions in
Eqn 5.
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• Spectrum of mesons and baryons 
• exotics, molecules

• coupled channels, etc

• provided motivation for 12 GeV upgrade

Lattice QCD will predict the exotic spectrum before 
or during the GlueX experiment 

(with sufficient compute resources)

ρ- resonance successfully determined

Dudek et al, Phys.Rev. D88 (2013) 094505 

Dudek et al, Phys.Rev. D87 (2013) 3, 034505 

SpectraCold QCD (II)2014

Monday, July 14, 2014

Meson resonances from LQCD  

exotics
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A new method for precision computation of the !
entropy density in hot pure glue

The relevant phase space of two successive systems with ri
and riþ1 is very similar, and the ratio of their partition
functions, Zðβ; riÞ=Zðβ; riþ1Þ, can be efficiently measured
as the expectation value of the observable OðU; riþ1Þ ¼
exp ½S̄ðU; riþ1Þ − S̄ðU; riÞ& on the ensemble of gauge con-
figurations generated with the action S̄ðU; riþ1Þ [18]. The
discrete derivative is then written as

1

2a
ln
ZðL0; ξ þ a=L0k̂Þ
ZðL0; ξ − a=L0k̂Þ

¼ 1

2a

Xn−1

i¼0

ln
Zðβ; riÞ
Zðβ; riþ1Þ

: ð10Þ

All the details and the results of the computation of ZT will
be presented elsewhere [15]. In Table II, we report the
values of ZT at the eight values of β needed to renormalize
the entropy density at the temperature T0 computed with
shift ξ ¼ ð1; 0; 0Þ and (1,1,1). Albeit with smaller statistical
errors, our values are in agreement with Ref. [19]. Also, in
this case, we have subtracted the discretization effects of
the free theory. In each of the two sets of data, we keep L0

fixed in physical units, so that residual (small) discretiza-
tion effects in ZT will be removed in the continuum limit

extrapolation of the renormalized entropy density.
Discretization effects due to finite volume are negligible
within our errors. For completeness, in the same Table we
also report the corresponding expectation values of hT0kiξ
in the large volume which enters Eq. (7). The results for
sðT0Þ=T3

0, as defined in Eq. (7), are shown in the right plot
of Fig. 1. The typical statistical error is just below half a
percent, while the largest discretization error is roughly 3%.
The continuum limit extrapolations of the data with ξ ¼
ð1; 0; 0Þ and (1,1,1) at the three finer lattices are in excellent
agreement among themselves. A combined extrapolation
gives sðT0Þ=sSBðT0Þ ¼ 0.788ð4Þwith a χ2=dof ¼ 0.74, see
Table I.
Results and conclusions.—Once the entropy density has

been measured at T0, sðTÞ at the other temperatures is
computed by solving the recursive relation for the step-
scaling function. The values obtained for the entropy
density are reported in Table I and shown in Fig. 2. The
precision for sðTÞ is 0.5% at T0, and becomes at most 1.5%
at T=T0 ¼ 8

ffiffiffi
2

p
. We expect to reduce the latter error to the

same level of the former once the renormalization constant
is determined in the full range 0 ≤ g20 ≤ 1 [15]. Taking into
account that the entire computation required a few million
core hours on BG/Q, the precision reached shows the
potentiality of the strategy.
The results for the entropy density are in agreement with

those in Refs. [1,20], and, for T > 2Tc, with the more
precise ones in Ref. [2]. Our data differ by several standard
deviations from those in Ref. [2] in the interval
Tc < T < 2Tc. A more detailed comparison will be pre-
sented in Ref. [15], where more points will be added in this
low-temperature region. The step-scaling function at
T ∼ 15Tc is already compatible with the high-temperature
limit within the half a percent uncertainty quoted. The
entropy density, however, still differs from the Stefan-
Boltzmann value by roughly 5% at T ≃ 20Tc. To compare
with the known perturbative formula [16], see also [21,22],
we use ΛM̄Sr0 ¼ 0.586ð48Þ [12,13]—where ΛM̄S is the

TABLE II. The bare vacuum expectation values of hT0kiξ at the
reference temperature T0 for ξ ¼ ð1; 0; 0Þ and (1,1,1). The
renormalization constant ZT at the corresponding eight β values
is also reported.

β L0=a hT0kið1;0;0Þ ZT

6.0403 3 −5.4278ð22Þ × 10−3 1.585(6)
6.2257 4 −1.7262ð5Þ × 10−3 1.523(6)
6.3875 5 −0.7203ð5Þ × 10−3 1.497(4)
6.5282 6 −0.3536ð5Þ × 10−3 1.484(6)

β L0=a hT0kið1;1;1Þ ZT

6.2670 3 −6.584ð11Þ × 10−4 1.528(6)
6.4822 4 −2.187ð3Þ × 10−4 1.475(6)
6.6575 5 −0.9251ð19Þ × 10−4 1.456(3)
6.7981 6 −0.4524ð14Þ × 10−4 1.439(6)
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FIG. 2 (color online). The step-scaling function (left) and the entropy density normalized to the SB value (right) versus the
temperature. The dashed lines (red) are the SB values, while the dotted-dashed lines (blue) are the perturbation theory ones from
Ref. [16].

PRL 113, 031601 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
18 JULY 2014

031601-4

Stefan-Boltzmann

Pert. theory

Lattice

L. Giusti, M. Pepe, Phys. Rev. Lett. 113, 031601 (2014) 

LQCD is constantly developing new ingenious algorithms 
for extracting physics directly from QCD with increasing precision  
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Magnetic moments computed from LQCD  
at mπ=806 MeV, in lattice nuclear magnetons

NPLQCD collaboration,  arXiv:1409.3556
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The challenge and the 
prospect: physics of 

nuclei directly from QCD  
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LQCD as the 1st step in a 
sequence of descriptions  
of nuclei at different length  
scales
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QCD (and more generally, the standard 
model) is informing nuclear theory from every 
direction…even where “more is different”!
!
Computational physics is as much part of 
nuclear physics now as is theory and 
experiment
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Overall lessons from Physics (Recent) Past:!
!
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Overall lessons from Physics (Recent) Past:!
!

•This isn’t your grandmother’s nuclear theory

•Experimental programs evolve and are enriched as 
experimentalists and theorists work together
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Looking to the future
I. The fruitful collaboration between experiment and theory 

must continue to make the most of our investments…and 
will keep theorists busy!

• Develop further the characterization of the QGP from 
combined RHIC and LHC results 

• Predictions for and interpretation of GlueX data from JLab…
can we see gluonic excitations in the hadron spectrum? 

• Developing reaction theory to a level of sophistication where it 
can be used to predict and explain FRIB results. 

• Computing hadronic corrections to the muon (g-2) to a 
precision comparable to the future experimental precision. 

• Use observations of transient astrophysical phenomena to 
better understand the properties of extreme matter 

• Compute nuclear matrix elements for precision symmetry 
tests and dark matter detection for physics beyond the SM…
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Fundamental symmetry tests and neutrino physics 
•  Superallowed Fermi 0+ →0+ β-decays 
•  Neutrinoless double-beta decays 
•  Schiff moment for EDM 
•  Neutrino-nucleus scattering 

J. Phys. G: Nucl. Part. Phys. 39 (2012) 124002 P Vogel
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Figure 9. Dimensionless 0νββ nuclear matrix elements for selected nuclei evaluated using a
variety of indicated methods. For references see text.

The nuclear shell model (NSM) is, in principle, the method that seems to be well suited for
this task. In it, the valence space consists of just few single particle states near the Fermi level
(usually one main shell). With interaction that is based on the realistic nucleon–nucleon force,
but renormalized slightly to describe better masses, energies and transitions in real nuclei, all
possible configurations of the valence nucleons are included in the calculation. The resulting
states have not only the correct number of protons and neutrons, but also all relevant quantum
numbers (angular momentum, isospin, etc). For most nuclei of interest (48Ca is an exception)
the valence space, however, does not include enough states to fulfil the Ikeda sum rule (see
equation (10)), hence full description of the β strength functions Sβ± is not possible. However,
NSM is well tested, since it is capable to describe quite well the spectroscopy of low lying
states in both initial and final nuclei. In the following figures 9–11 the NSM results are denoted
by the blue squares.

The 2νββ decay matrix elements M2ν for several nuclei in table 1 are reasonably well
described in the NSM, see [44] (100Mo being a notable exception). However, to achieve
this task, it was necessary to apply quenching factors that, for nuclei heavier than 48Ca,
are considerably smaller than in the lighter nuclei where the valence space contains the full
oscillator shell. Note that no quenching is applied to the results shown in figures 9–11. I will
describe the issue of quenching of the weak nucleon current operators in section 9.

The QRPA and its renormalized version (RQRPA) is another method often used in the
evaluation of M0ν . In it, the valence space is not restricted and contains at least two full oscillator
shells, often more than that. On the other hand, only selected simple configurations of the
valence nucleons are used. The basis states have broken symmetries in which particle numbers,
isospin, and possibly angular momentum are not good quantum numbers but conserved only
on average. After the equations of motion are solved, some of the symmetries are partially
restored. The RQRPA partially restores the Pauli principle violation in the resulting states.

The procedure consist of several steps. In the first one the like particle pairing interaction
is taken into account, using the BCS procedure. Then, the neutron–proton interaction is used
in the equations of motion, resulting in states that contain two quasiparticle and two quasihole
configurations and their iterations. Usually, the realistic G-matrix based interaction is used, but

17

“There is generally significant 
variation among different 
calculations of the nuclear 
matrix elements for a given 
isotope. For consideration of 
future experiments and their 
projected sensitivity it would 
be very desirable to reduce the 
uncertainty in these nuclear 
matrix elements.”  
(Neutrinoless Double Beta 
Decay NSAC Report 2014) 

Current 0νββ predictions 

One example
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~

II. Keep an eye on the BIG questions (and have a tolerance!
for crazy no-good answers)

Looking to the future
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This can be done if the quarks are parafermions
of order P = 3. This suggestion is the main new
idea of this article. " For parafermions of
order 3, one has the Green Ansatz for the crea-
tion and annihilation operators,

(n)t ~ (n)
A. A. A. A.cY=1 Q=l

where the a and a~ ~ satisfy the anticom-
mutation rules for the same n,

O' Q A G
+ A. p,

'
A.

'
p, +

and commute for different n and P,

State

Para
super selection

sector

a ~40
[a~ at~+CO
[a"t, b~) @0
[a~, a~i @'p
[a~ &~~-40

[[at, a~]+, a~)+@0
[[a~,a~]+, y~j+40

para-Fermi
para-Bose
para-Bose
Bose
Bose
Fermi
Fermi

2
3

4 1 2
3' 3' 3
1, 0, —1
4 1 2
3P
1,0, -1
2, 1,0, -1
»»3 -~3 -~

aa~ is the creation operator for a quark, b ~ for an
antiquark.

Table I. Comparison of para, charge, and baryon-
number superselection sectors for P =3 para-Fermi
quarks.

(n)t (P)t]

Here a stands for the single-particle quantum
numbers; for example, momentum, spin, Iz,
and Y. Let

Then the state f&» C 0 is symmetric under
all permutations of A. , p, , and v." This com-
posite state is a fermion, "since [fz»~, an't]+
= 0, which implies [fi&„,f „]+= 0.
The comparison of superselection sectors

for paraquarks due to their para nature with
the charge and baryon-number superselection
sectors is given in Table I.
The suggestion that quarks are parafermions

(and, in a field theory, the quanta of para-Fermi
fields) is allowed by the selection rules which
follow from locality. " Relevant'6 local inter-
actions (in the sense of spacelike commutativity
of the interaction Hamiltonian density) can be
constructed with these fields; for example,
the Yukawa interaction

or the Fermi interaction
H =Go.[@ @1 [@ @] 1-&same)J

where 4 and y are, respectively, para. -Fermi
and para-Bose of order 3. The paraquark sug-

gestion does not fall under the quantum-mechan-
ical theorem'7 that particles with anomalous
permutation properties cannot be produced from
initial states (Sx) with at most one such par-
ticle because, in this theorem, it was assumed
that the only superselection rules were those
generated by charge, baryon number, and lepton
number, while in parafield theories there are
additional superselection rules. "y' The ques-
tion of the compatibility of parafield theory
with intuitive notions concerning the behavior
of quantum systems when separated into sub-
systems has been raised. ' This question de-
serves serious attention; however, we do not
consider it here.
After this brief defense of the possibility

that quarks are para-Fermi, we proceed to the
classification of baryon states in the paraquark
model. The baryon wave functions must be
symmetric under permutations. Vie present
in Table II states in which the wave functions'
are sums of products of space wave functions
and spin-unitary-spin wave functions. All the
quarks are in the lowest radial state for a given
l. The Young diagrams for both the space and
spin-unitary-spin wave functions are the same;
the numbers listed give the number of boxes
in successive rows. Even if the SU(6) classifi-
cation is useful only for the lowest 56 with
configuration s', the (SU(3), 4) classification
given in column 5 should be»seful for higher
states. We have continued the table up to the
P' configuration in order to obtain states with
J =';, since there is some experimental evi-
dence for such states. ' However, we post-
pone assigning the known baryons to multiplets.
The fact that only the 1, 8, and 10 SU(3) mul-
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The meson-baryon squared coupling constant is
given by

P 1 1 +

(5) Applying the usual bootstrap philosophy to
these models, we would expect the positions
&~ and squared coupling constants x; of bound
states (or virtual states, or resonances) to be
determined by a set of equations, which for
the case of two bound states (one of them being
the target baryon located at &u, = 0) should be
of the form

f1(~l 2tt ~2t gt

~2 f2(~lt ~2t ~2t gt «) t

Al = Fl(Alt A2t ld2t g, «),

~2 2(~lt ~2t +2t gt «)t (17)

The threshold condition rea.ds

s, '+2Im(q, '-q, ') =1+2«
which, for v-1, approximately reduces to

fl, +0, =~2(1+«-') '.
There is resonance in the J= & channel rep-
resented by a pole of S„,at ~ =y on the second
Riemann sheet. For ~-1 the pole is near thresh-
old, with position and width given, respectively,
by the approximate expressions

Rey=l+-', (I+« ')

Ds
Imy =—(1+«-')4

where g is the subtraction consta. nt and I(: the
cutoff momentum. (The mass of the scattered
meson acts a.s a scaling parameter, which is
set equal to unity. ) From (17) we should expect

and X, to be determined up to one arbi-
trary parameter. The results in all the models
studied disagree with this counting. %e may
perhaps understand the nature of this disagree-
ment by considering the present theory as the
limit of a relativistic theory in which the mass
of the target baryon (M) is to be inserted into
Eq. (17) as follows:

M =M+fl(X„A2, lu2t g, «t M),
M + &u2 =M +f2 (A.„A2, e2, g, «, M),

Al = Fl(Alt A2t ltl2tg, «, M),

~2 2(~l t ~2t +2tg t (16)

We see that Eqs. (18) have the correct number
of variables to allow two free parameters. If
now a static limit is to make sense, the func-
tions f and F must be .insensitive to M, and
therefore one of Eqs. (17) must be an identity.
Details of this work will be published else-

where.
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under Contract No. AT(30-1)2098.
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SPIN AND UNITARY-SPIN INDEPENDENCE IN A PARAQUARK MODEL OF BARYONS AND MESONS

0.W. Greenberg*
Institute for Advanced Study, Princeton, New Jersey

(Received 27 October 1964)

signer's supermultiplet theory„' transplanted
independently by GGrsey, Pais, and Radicati,
and by Sakita, ' from nuclear-structure phys-
ics to particle-structure physics, has aroused
a good deal of interest recently. In the nuclear
supermultiplet theory, the approximate inde-
pendence of both spin and isospin of those forces
relevant to the energies of certain low-lying
bound states (nuclei) makes it useful to classify
the states according to irreducible represen-
tations of SU(4). Parallel to this, in the par

ticle supermultiplet theory, the possible inde-
pendence of both spin and unitary spin of those
forces relevant to the masses of certain low-
lying bound states (particles) makes it interest-
ing to classify the states a,ccording to irreduc-
ible representations of SU(6). Three results
associated with this SU(6) classification indi-
cate its usefulness: (1) The best known bary-
ons (in particular, the spin-l2 baryon octet
and the spin-2&+ baryon decuplet) are grouped
into a supermultiplet containing 56 particles.
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“This can be done if quarks are parafermions of 
order p=3.  This suggestion is the main idea of 
this article.”
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II. Keep an eye on the BIG questions cont’d

• How can we map out the entire QCD phase diagram?!

• How can we evade sign problems in computing the properties of many-body 
systems?!

• Can we develop analytical tools to connect hadron structure at low energy to the 
parton description at high energy?!

• How does glue arrange itself in hadrons?!

• Is there a holographic dual of real QCD?!

• Can one successfully complete a coherent and consistent framework to describe 
nuclei from QCD for few-body interactions, to ab initio methods for light and 
medium mass nuclei, to mean field and its generalizations for heavy nuclei?!

• Can one develop the computational tools of mean field theory and its extensions 
capable of describing induced fission over its entire time evolution from 
excitation to scission?!

• Where are heavy r-process elements created?!

• How do massive stars evolve and explode?!

• How will dark matter interact with ordinary matter? …
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III. A future requires young scientists
Early Career Awards in Nuclear Theory 2010--2014

Principal Investigator Institution Year of award

Feng Yuan LBNL FY 2010
Denes Molnar Purdue FY 2010

Sofia Quaglioni LLNL FY 2011
Jozef Dudek Old Dominion FY 2011
James Kneller North Carolina State FY 2011

Ivan Vitev LANL FY 2012
Huaiyu Duan U New Mexico FY 2012
Daniel Kasen UC Berkeley FY 2012
Paul Romatschke U Colorado FY 2012

Gaute Hagen ORNL FY 2013
William Detmold MIT FY 2013
Carla Frohlich North Carolina State FY 2013
Matthias Schindler U South Carolina FY 2013

Bjoern Schenke BNL FY 2014
Andre Walker-Loud William & Mary FY 2014/JLab
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… and young scientists are attracted by both 
big ideas and job prospects
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job prospects:

grad student support post-doc positions faculty/staff !
positions
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job prospects:

grad student support post-doc positions faculty/staff !
positions

👍 lab/university bridge positions!
👍 topical collaborations

The INT experience:!
• 57 former post-docs!
• 35 now in tenured or tenure 

track university positions!
• 6 have permanent lab staff 

positions!
• 8 employed in industry

Exciting science enlarges !
job possibilities at universities
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job prospects:

grad student support post-doc positions faculty/staff !
positions

👍 lab/university bridge positions!
👍 topical collaborations

The INT experience:!
• 57 former post-docs!
• 35 now in tenured or tenure 

track university positions!
• 6 have permanent lab staff 

positions!
• 8 employed in industry

Exciting science enlarges !
job possibilities at universities

👍 topical collaborations

The vulnerable link

👍  SciDAC Collaborations
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LRP needs for nuclear theory: !

Personpower to be able to successfully develop with 
experimentalists the ongoing and upcoming NP 
experimental programs: GlueX, Qweak, Majorana, FRIB, 
RHIC, LHC, EIC… 

Personpower to be able to successfully develop with 
experimentalists the ongoing and upcoming other 
experimental programs: (g-2), LHC, LIGO, LBNE, DM 
searches…!

A viable and stable career path for young scientists 

Support the needs for high performance computing…a 
critical partner to both theory and experiment 

Encourage intellectual risk-taking as a critical element of a 
successful theory program 

!

!



David B. Kaplan ◆ Joint Town Mtgs on QCD ◆ Temple U. ◆ Sept. 13, 2014

!
!

• JET: Quantitative Jet and Electromagnetic Tomography of Extreme Phases of Matter in HIC,  
lead PI: Xin-Nian Wang, LBNL   
5-year funding: $2,230k   

!
• NuN: Nucleosynthesis and Neutrinos in Hot and Dense Matter 

lead PI: Sanjay Reddy, INT, UW 
5-year funding: $2,270k 

!
• TORUS: Theory Of Reactions for Unstable iSotopes,  

lead PI: Ian Thompson, LLNL 
5-year funding: $1,329k

3 Topical Collaborations were funded in 2010:

…and 16 proposals were not: 
Out[1107]=

4 4

3

42
2

Hadronic physics
Relativistic heavy ion physics
LQCDêEFT nuclear structure
Traditional nuclear structure
Nuclear astrophysics
Fundamental symmetries

What are the missed opportunities?!
Are investments in the experimental programs being 
adequately exploited?

One way to quantify person-power needs:



David B. Kaplan ◆ Joint Town Mtgs on QCD ◆ Temple U. ◆ Sept. 13, 2014

Nuclear theory support has a structure !
that works well overall

National Labs Universities

INT

bridge positions

Topical collaborations

Computing resources

What is the best way to meet our needs without tearing 
down what works?
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Labs

INT

Topical collaborations

Computing

Universities

Meeting LRP needs for nuclear theory✽:!
✽a consensus opinion of a committee of one !

• Encourage expanding bridge position programs bonding 
universities and national labs (e.g. with FRIB)!

• “Regularize” the topical collaboration program (e.g., 1 new 
one funded per year), with an emphasis on student, post-
doc, and bridged faculty/staff positions!

• Support a high performance computing initiative!

• Continued support for the INT 😊
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…and emphasize throughout the LRP the collaborative 
effort between experimentalists and theorists to make the 
most of NP investments — and to discover more than 
what was originally envisioned


