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Scale for the Phase Diagram of
Quantum Chromodynamics
Sourendu Gupta,1 Xiaofeng Luo,2,3 Bedangadas Mohanty,4* Hans Georg Ritter,3 Nu Xu5,3

Matter described by quantum chromodynamics (QCD), the theory of strong interactions, may
undergo phase transitions when its temperature and the chemical potentials are varied. QCD at
finite temperature is studied in the laboratory by colliding heavy ions at varying beam energies.
We present a test of QCD in the nonperturbative domain through a comparison of thermodynamic
fluctuations predicted in lattice computations with the experimental data of baryon number
distributions in high-energy heavy ion collisions. This study provides evidence for thermalization in
these collisions and allows us to find the crossover temperature between normal nuclear matter
and a deconfined phase called the quark gluon plasma. This value allows us to set a scale for the
phase diagram of QCD.

Quantum chromodynamics (QCD) is the
theory of strong interactions—one of the
four fundamental interactions occurring

in nature and an essential part of the standard
model of particle physics. It describes inter-
actions between quarks and gluons, which are
the ultimate constituents of the majority of the
visible mass of the universe (1, 2). In the short-
distance regime in which the momentum ex-
change between quarks and gluons is large, the
strong coupling constant becomes small through
the mechanism of asymptotic freedom. In this
perturbative region, QCD is very successful in
explaining various processes observed in exper-
iments involving electron-positron, proton-proton,
and proton-antiproton collisions (3). In the non-
perturbative regime, tests of the theory were re-
lated to the computation of hadron properties (4).
In other regimes of long-distance nonperturbative
physics, the theory is yet to be tested. Here, we
test the thermodynamics of bulk strongly inter-
acting matter.

Experimental tests of nonperturbative QCD
in the bulk can be carried out by colliding heavy
ions (such as U, Pb, Au, and Cu) at different
center-of-mass energies,

ffiffiffiffiffiffiffi
sNN

p
(5–8). Several ex-

perimental programs have been launched or are
in the planning stage at facilities such as the
Large Hadron Collider (LHC), the Relativistic
Heavy Ion Collider (RHIC), the Super Proton
Synchrotron (SPS), the Facility for Anti-proton
and Ion Research (FAIR), and the Nuclotron-
based Ion Collider fAcility (NICA), where the

essential features of the QCD phase diagram can
be studied.

In QCD, there are conserved quantities such
as the net-baryon number B, the net-electric
charge Q, and the net-strangeness S. The term
“net” means the algebraic sum of the quantum
numbers, where those of anti-particles are the
negatives of the corresponding particles. As a
result, the thermodynamics of the bulk can be
characterized by the corresponding chemical
potentials (energy needed to add or remove one
unit of the conserved quantity to or from the sys-
tem, respectively) mB, mQ, and mS in addition to
the temperature T, conjugate to the conserved
energy of a bulk system. In experimental studies
of particle ratios measured in heavy-ion colli-
sions, it is observed that the relevant values of
mQ and mS are small compared with mB. For ex-
ample, in Au ion collisions within rapidity range
of T0.1 unit at

ffiffiffiffiffiffiffi
sNN

p
= 200 GeV (with impact

parameter less than 3 fm) one finds that mB = 22 T
4.5 MeV, whereas mS = 3.9 T 2.6 MeV, and mQ is
still smaller (9).

The lattice formulation of QCD is a non-
perturbative approach from first principles for

obtaining the predictions of QCD. Space-time is
replaced by a lattice; quarks occupy the sites, and
gluons occupy the links between the sites. The
lattice spacing a is the inverse of the cutoff re-
quired to regulate any interacting quantum field
theory. The theory is solved numerically at sev-
eral values of a. The extrapolation to the con-
tinuum (a = 0) can then be made through the
renormalization group equations. In QCD, there
is a conventional temperature, Tc, that is an in-
trinsic scale of bulk hadronic matter. We follow
the definition that it is the temperature at the
peak of a susceptibility related to the confinement-
deconfinement order parameter (called thePolyakov
loop susceptibility, cL) at mB = 0 (10–13). Lattice
QCD computations show that this peak is finite,
which corresponds to a crossover (14, 15). The
temperature at which cL peaks, of course, changes
with mB. However, once Tc is known such shifts
as a function of mB can be quantified. This is sim-
ilar to saying that the Celsius scale of temperature
is defined by the boiling point of water at normal
pressure P, and that the boiling point changes
with P.

One of the most basic questions to ask about
bulk hadronic matter is the value of Tc. This can
be represented as a link in a “circle of reasoning”
that encompasses all the regimes of nonperturba-
tive QCD (Fig. 1). So far, the strategy to find Tc
has been indirect: First, lattice QCD computa-
tions are performed at bothT= 0 andT > 0 in order
to determine a ratio Tc/m, where m is a typical
hadronic scale [Fig. 1, step (b)]. Then one re-
places the scalem, determined on the lattice, with
an experimental measurement [Fig. 1, step (a)].
The temperature at each

ffiffiffiffiffiffiffi
sNN

p
extracted from

models of particle yields (16, 17) is step (d) of the
circle of reasoning. From such models, one finds
that the fireball of bulk nuclear matter created in
heavy ion collisions, which is initially out of
equilibrium, evolves to a state of thermal equi-
librium at chemical freeze-out. The models do
not give Tc; however, they allow the extraction of
T and mB at freeze-out. We show that predictions
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Fig. 1. Illustration of the chain of reason-
ing for testing QCD in the nonperturbative
domains of the strong interactions and
obtaining the scale, Tc, of the QCD phase
diagram.
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of lattice computations of finite temperature
QCD (18), taken in conjunction with determi-
nations of Tc in step (b) (10–13), agree well with
experimental measurements on bulk hadronic
matter (19). This allows us to invert the reasoning
and extract Tc directly from the experimental
measurements in heavy ion collisions [Fig. 1,
step (c)]. The agreement of the temperature from
steps (c) and (d) along with the agreement of Tc
extracted from steps (a) and (b) with that from (c)
show the complete compatibility of a single
theory of hadron properties and of bulk QCD
matter, that is, of all nonperturbative regimes of
the strong interactions. This approach may present
a new domain of tests of the standard model of
particle physics.

The conjectured phase diagram of QCD. In
the current conjectures for the parts of the phase
diagram that is accessible with heavy ion col-
lisions (Fig. 2) (20), calculations within simpli-
fied models that mimic QCD show that at large
mB there is a first-order hadron–quark–gluon plas-
ma (QGP) phase transition. This phase bound-
ary is expected to end in a critical point at finite
mB because lattice computations (10–13) agree
with general symmetry arguments (21), which in-
dicate that at mB = 0 there is neither a first-order
nor a second-order phase transition but only a
crossover at Tc. The determination of Tc sets the
scale of the QCD phase diagram. Current best
estimates of the position of the critical point (22)
are reflected in the position indicated in Fig. 2.
Currently, the experimental focus is on an attempt
to locate the critical point and the line of phase
coexistence (23, 24).

By changing
ffiffiffiffiffiffiffi
sNN

p
, one traces out a line of

chemical freeze-out in the phase diagram, as
shown in Fig. 2. This line is parameterized through
a hadron resonance gas model (16, 17). Because
this work focuses on making a connection be-
tween QCD thermodynamic calculations and ob-
servables measured in experimental facilities,
we also show in Fig. 2 the range of mB values
covered by various experiments as one traverses
the chemical freeze-out line by changing

ffiffiffiffiffiffiffi
sNN

p
.

The solid point around mB = 938 MeV is the
location of ordinary nuclear matter (25), the best
characterized point on the phase diagram.

Comparison of experimental measurements
with lattice QCD predictions. Lattice QCD com-
putations leave open the question of a scale and
yield dimensionless predictions—for example,
for P/T 4 as a function of T/Tc and mB/T. Here, we
discuss the nonlinear susceptibilities (NLSs) of
baryons, cB

(n), of order n (26). These are the Taylor
coefficients in the expansion of P with respect
to mB at fixed T in the usual dimensionless form

Tn�4cðnÞB

T

Tc
,
mB
T

� �

¼ 1

T 4

∂n

∂ðmB=TÞn
P

T

Tc
,
mB
T

� �j
T=Tc

ð1Þ

Lattice measurements of the series expansion of
the NLS in powers of mB/T are resummed by

using Padé approximants in order to give pre-
dictions for the above quantities (18). They are of
interest because they are related to cumulants of
the fluctuations of the baryon number in thermal
and chemical equilibrium in a grand canonical
ensemble.

The nth cumulant of such fluctuations, [Bn], is
given by

½Bn� ¼ VT 3Tn�4cðnÞB

T

Tc
,
mB
T

� �
ð2Þ

where V is the volume of the observed part of
the fireball. Because observed hadrons are in
thermal and chemical equilibrium at the freeze-
out, this relation should hold for cumulants of
the observed event-by-event distribution of net-
baryon number in heavy ion collisions. The cumu-
lants are often reported as the variance s2 = [B2],

the skewness S = [B3]/[B2]3/2, and the Kurtosis
k = [B4]/[B2]2. It is clear from these definitions
that the V-dependence in Eq. 2 gives the correct
volume scaling expected from the central limit
theorem. This leads to the classic extraction of
the susceptibility from fluctuations in the grand
canonical ensemble (27, 28).

There is one remaining subtlety in comparing
lattice computations with experimental data.Most
experiments are designed to measure event-by-
event net-protons. The data discussed in the cur-
rent work is from the STAR experiment at RHIC
(19), which identifies protons and anti-protons by
measuring the specific ionization energy loss of
these particles in the gas of a time projection
chamber. These measurements miss neutrons, the
other dominant part of the baryon distribution.
Thismay impose limitations on our measurement

Fig. 2. Currentconjectures
for the QCD phase dia-
gram. The phase bound-
ary (solid line) between the
normal low-temperature
hadronic phase of bulk
QCDmatter and the high-
temperaturepartonicphase
is a line of first-order phase
transitions that begins at
large mB and small T and
curves toward smaller mB
and larger T. This line
ends at the QCD critical
point, whose probable po-
sition, derived from lattice
computations, is marked
byasquare.Atevensmaller
mB, there are no phase
transitions, only a line of cross-overs (dashed line). The red-yellow dotted line corresponds to the chemical
freeze-out line from the evolution of the bulk QCD matter produced in high-energy heavy-ion collisions.
The solid point at T = 0 and mB = 938 MeV represents nuclear matter in the ground state. At large mB and
low T is the color superconductor phase (CSC) (35).
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Fig. 3. Comparison of lattice
QCD and experimental data for
(A) m1 and (B) m2. Experimen-
tally measured ratios of cumu-
lants of net-proton distributions,
m1 = Ss and m2 = ks2, are
shown as a function of

ffiffiffiffiffiffiffi
sNN

p
for

impact parameter values of less
than 3 fm for Au+Au collisions
at RHIC (19). Also plotted on the
top scale are the chemical freeze-
out values ofmB and T correspond-
ing to

ffiffiffiffiffiffi
sNN

p
as obtained from a

hadron resonance gas model,
which assumes the system to be
in chemical and thermal equilib-
rium at freeze-out (16, 17). The
prediction of such a model form1
(33) is shown as the dashed red
line. The lattice predictions for
these quantities are drawn from
a computation with lattice cutoff
of 1/a ≅ 960 to 1000 MeV and
converted to the dimensional scale of T and m by using Tc = 175 MeV.
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of fluctuations. However, the effect of isospin
fluctuations on the shape of the net-baryon dis-
tributions is small (29). Hence, we proceeded un-
der the assumption that the shape of the net-proton
distributions reflects the net-baryon distributions
up to distortions smaller than the estimated errors
in measurements of the cumulants.

We are unable to exploit Eq. 2 directly in
heavy-ion experiments because the volume, V, is
hard to determine precisely experimentally. How-
ever, the ratios

ðm1Þ : Ss ¼ ½B3�
½B2� ¼

Tcð3ÞB

cð2ÞB

,

ðm2Þ : ks2 ¼ ½B4�
½B2� ¼

T 2cð4ÞB

cð2ÞB

,

ðm3Þ : ksS ¼ ½B4�
½B3� ¼

Tcð4ÞB

cð3ÞB

ð3Þ

do not contain the volume and therefore provide
a direct and convenient comparison of experiment
and theory (30). The above equations are written
in a form that emphasizes this connection: The
left hand side can be measured in an experiment,
whereas the right hand side can be predicted with
lattice QCD. We use the notation m1,2,3 generi-
cally to refer to either side.

We now discuss the comparison of m1 and
m2 from experiment and theory (Fig. 3). The
experimental measurements (19) were made by
using the number of protons (p) and anti-protons
(–p) produced in the collision of Au ions around
90° to the beam axis with the impact parameter of
the collisions being less than 3 fm (31). p and –p
are in the range of 400 MeV/c to 800 MeV/c,
where c is the speed of light. This choice of mo-
mentum range is designed to obtain the purest
sample of p and p. A large fraction of p and p
is contained in this kinematic range. The effect
of finite reconstruction efficiency of p and p
has been shown to be negligible (19). The ex-

perimental values of Ss and ks2 are shown as a
function of

ffiffiffiffiffiffiffi
sNN

p
.

The lattice calculations (18) were carried out
by using two flavors of staggered quarks in
QCD. The lattice cutoff 1/a ≅ 960 to 1000 MeV
and the bare quark mass were tuned to give a
pion mass of about 230 MeV (32). These com-
putations were performed at mB = 0, and the
Taylor series coefficients of P/T 4 were used to
extrapolate m1 and m2 to the freeze-out condi-
tions by using appropriate order Padé approx-
imants to resum the series expansions. Because
lattice results are obtained in terms of T/Tc and
mB/T (Eq. 1), their extrapolation to the freeze-out
conditions required the input of Tc. The lattice
values were obtained by using Tc = 175 MeV,
which is compatible with indirect determina-
tions of Tc (10–13).

On the upper scales of Fig. 3, we also show
the mB and T values at chemical freeze-out that
correspond to the various

ffiffiffiffiffiffiffi
sNN

p
. For this, we

used the functional relationship between these
values from the hadron resonance gas model
using the yields of hadrons discussed in (16, 17).
Themodel predictions form1 (33) are also shown.
The hadron resonance gas model predictions
can be reproduced if baryon and anti-baryon
numbers are independently Poisson distributed.
Having established a connection between

ffiffiffiffiffiffiffi
sNN

p
and (T, mB), we compare the experimental data
on fluctuations with those predicted from lattice
QCD. Excellent agreement is seen between lattice
QCD predictions and experimental measurements
for all three beam energies. This marks the first
successful direct test of QCD against experimental
data in the nonperturbative context of bulk ha-
dronic matter. The agreement with the data are
yet another nontrivial indication that the fireball
produced in heavy ion collisions is in thermal and
chemical equilibrium at chemical freeze-out.

Setting the scale of bulk QCD. Lattice QCD
results for m1,2,3 are obtained for dimensionless
arguments T/Tc and mB/T, as shown in Eq. 2. For

a given value of
ffiffiffiffiffiffiffi
sNN

p
, the experimental ob-

servations are realized at the corresponding
chemical freeze-out, characterized by T and mB.
Thus, a comparison of the two requires a choice
of the scale, Tc. By varying this scale to obtain the
best fit between the QCD predictions and ex-
perimental measurements, we determined Tc for
the first time through an observable connected to
strongly interacting bulkmatter. The results are, of
course, subject to all the caveats expressed in the
previous section. The observable that we choose
for comparison is m3. The lattice computation of
this quantity has the smallest systematic uncer-
tainties among the three explored here and thus is
the best quantity to use to constrain Tc.

The comparison of m3 between experimental
results from Au ion collisions and lattice QCD
predictions is shown in Fig. 4A. This is an ex-
tension of Fig. 3, which shows a comparisonwith
m1 and m2. In this analysis, the results of m1, m2,
and m3 are consistent, as required in Eq. 3. The
new information here is that we show lattice pre-
dictions obtained with different values of Tc. The
errors on the experimental data points are statis-
tical (lines) and systematic (brackets) errors (19).
The errors bars on the lattice predictions are statis-
tical errors, with a cutoff of 1/a ≅ 960 to 1000MeV.
The lattice spacing effects and the effect of tuning
the bare quark mass are the main sources of re-
maining uncertainties in the predictions. These
are not parameterized as systematic uncertainties.
However, it is known that their effect is small at
the two highest values of

ffiffiffiffiffiffiffi
sNN

p
(18).

In order to arrive at a quantitative estimate
of the scale parameter Tc, we perform a stan-
dard statistical analysis. For each value of Tc,
we compute

c2ðTcÞ ¼ ∑ffiffiffiffiffiffi
sNN

p
½mexpt

3 ð ffiffiffiffiffiffiffi
sNN

p Þ � mQCD
3 ð ffiffiffiffiffiffiffi

sNN
p

,TcÞ�
Error2expt þ Error2QCD

2

ð4Þ
where the errors in the experimental and lattice
QCD quantities are obtained as explained above.
The lattice predictions are calculated for the grid
of Tc values (Fig. 4). The minimum of c2, cor-
responding to the most probable value of the
parameter being estimated, occurs at Tc = 175
MeV. The standard errors on the parameter are
the values of Tc for which c2 exceeds the mini-
mum value by unity. It is clear from Fig. 4B that
this is bounded by +5 and −10MeV. A piecewise
linear interpolation between the grid points yields
the more reliable error estimate, +1 and −7 MeV.
By comparing different interpolation schemes,
we found that the error estimate is stable. As a
result, we conclude that

Tc ¼ 175þ1
− 7 MeV: ð5Þ

The error estimates include systematic and sta-
tistical errors on experimental data but only sta-
tistical errors on the lattice QCD computations.

The result in Eq. 5 is compatible with current
indirect estimates of Tc that come from setting the

Fig. 4. Comparison of m3
from experiment and lattice
predictions, and the extrac-
tion of Tc. (A) ks/S of net-
proton distribution measured
in collisions of Au ions at
varying

ffiffiffiffiffiffiffi
sNN

p
and with an

impact parameter of less
than 3 fm. This is compared
with lattice QCD predictions
with cutoff 1/a ≅ 960 to
1000MeV for the correspond-
ing ratio of susceptibilities
extrapolated to the freeze-
out conditions by using dif-
ferent values of Tc. The lattice
results at each

ffiffiffiffiffiffi
sNN

p
are slight-

ly shifted for clarity in pre-
sentation. (B) The comparison
of experimental data and lat-
tice QCD predictions, shown through c2 as a function of Tc by using the definition given in Eq. 4. This
yields the estimate of Tc , and its errors are as discussed in the text.
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scale of thermal lattice QCD computations via
hadronic observables. Furthermore, this gives a
scale for temperatures that is compatible with the
resonance gas model, as shown in Fig. 3. As we
discussed in the introduction, this closes a circle
of inferences that shows that phenomena ob-
tained in heavy ion collisions are fully compat-
ible with hadron phenomenology and provides a
first check in bulk hot and dense matter for the
standard model of particle physics.

Conclusions and outlook.Wehave performed
a direct comparison between experimental data
from high-energy heavy ion collisions on net-
proton number distributions and lattice QCD cal-
culations of net-baryon number susceptibilities.
The agreement between experimental data, lattice
calculations, and a hadron resonance gas model
indicates that the system produced in heavy ion
collisions attained thermalization during its evo-
lution. The comparison further enables us to set
the scale for nonperturbative, high-temperature
lattice QCD by determining the critical tem-
perature for the QCD phase transition to be
175þ1

�7 MeV.
This work reveals the rich possibilities that

exist for a comparative study between theory and
experiment of QCD thermodynamics and phase
structure. In particular, the current work can be
extended to the search for a critical point. In a
thermal system, the correlation length (x) diverges
at the critical point. x is related to variousmoments
of the distributions of conserved quantities, such
as net-baryons, net-charge, and net-strangeness.
Finite size and dynamical effects in heavy ion
collisions put constraints on the values of x (34).
The lattice calculations discussed here and sev-
eral QCD-based models have shown that mo-
ments of net-baryon distributions are related to
baryon number susceptibilities and that the ratio

of cumulants m2 = ks2, which is related to the
ratio of fourth-order to second-order susceptibi-
lities, shows a large deviation from unity near
the critical point. Experimentally, ks2 can be mea-
sured as a function of

ffiffiffiffiffiffiffi
sNN

p
(or T and mB) in

heavy ion collisions. A nonmonotonic variation
of ks2 as a function of

ffiffiffiffiffiffiffi
sNN

p
would indicate

that the system has evolved in the vicinity of the
critical point and thus could be taken as evidence
for the existence of a critical point in the QCD
phase diagram.
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The Oxygen Isotopic Composition of
the Sun Inferred from Captured
Solar Wind
K. D. McKeegan,1* A. P. A. Kallio,1 V. S. Heber,1 G. Jarzebinski,1 P. H. Mao,1,2 C. D. Coath,1,3

T. Kunihiro,1,4 R. C. Wiens,5 J. E. Nordholt,5 R. W. Moses Jr.,5 D. B. Reisenfeld,6

A. J. G. Jurewicz,7 D. S. Burnett8

All planetary materials sampled thus far vary in their relative abundance of the major isotope
of oxygen, 16O, such that it has not been possible to define a primordial solar system composition.
We measured the oxygen isotopic composition of solar wind captured and returned to Earth by
NASA’s Genesis mission. Our results demonstrate that the Sun is highly enriched in 16O relative
to the Earth, Moon, Mars, and bulk meteorites. Because the solar photosphere preserves the average
isotopic composition of the solar system for elements heavier than lithium, we conclude that essentially
all rocky materials in the inner solar system were enriched in 17O and 18O, relative to 16O, by
~7%, probably via non–mass-dependent chemistry before accretion of the first planetesimals.

The gravitational collapse of a molecular
cloud fragment 4.57 billion years ago led
to an accretion disc of gas and dust, the

solar nebula, from which the Sun and planets
formed. This nebula was approximately homo-
geneous with respect to isotopic abundances,

which, given that isotope ratios from various
stellar nucleosynthetic processes vary widely,
points to efficient mixing either in interstellar
space or in the solar nebula. Thus, the discovery
(1) that high-temperature minerals in carbona-
ceous chondrite meteorites are enriched prefer-
entially in 16O compared to 17O and 18O relative
to the abundances in terrestrial samples was con-
sidered evidence for the presence of exotic ma-
terial that escaped thorough mixing and thereby
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Research Articles: “Scale for the phase diagram of quantum chromodynamics” by 
S. Gupta et al. (24 June, p. 1525). The corresponding author’s e-mail address was incor-
rect. It should be bmohanty@vecc.gov.in. The address has been corrected in the HTML 
version online.
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Trade-Secret Model: 

Potential Pitfalls
IN THEIR POLICY FORUM “GENOMICS, BIO-
banks, and the trade-secret model” (15 April, 

p. 309), R. Mitchell et al. submit that donating 

genetic samples for medical research is like 

selling a confi dential commodity of poten-

tially lucrative value, warranting individual 

licensing arrangements to secure accept-

able benefi t outcomes. We disagree with this 

approach to building cancer research bio-

repositories. 

Trade secrets derive value from being 

unknown and not readily ascertainable (1). 

By contrast, the value of human subject bio-

specimens contributed for cancer research 

increases with widespread dissemination 

for use in approved studies, accompanied 

by open sharing of data. (2–5). Whereas 

trade-secret doctrine recognizes the neces-

sity of preserving confi dential information to 

further personal gain, research participants 

contributing samples and associated data are 

primarily motivated by altruistic, not com-

pensatory, desires (2, 3, 6, 7).

Moreover, the trade-secret model is not 

practical from the perspective of biobank-

ing operations and governance. How might 

cancer biorepositories accurately track and 

implement the diverse licensing preferences 

of multiple research participants with respect 

to such issues as determining future research 

uses of biospecimens, or returning research 

results? What if participants wanted to 

negotiate profi t distributions for success-

ful products developed in part based on 

their contributions? How can the numer-

ous, incremental research advances that pre-

cede product development be quantifi ed in 

order to determine a fair distribution of com-

mercial profi ts among research participants? 

Progress in scientifi c research, particularly in 

the accelerating world of cancer genomics, is 

not typically attributed to single biospecimen 

contributors [Henrietta Lacks (8) notwith-

standing]. Heralded by the authors as fur-

thering individual autonomy, the trade-secret 

model has the potential to foment suspicion 

and distrust among research participants as 

they compete for the highest-profi t dividends.

Trade-Secret Model: Privacy Rights 
IN THEIR POLICY FORUM “GENOMICS, BIOBANKS, AND THE TRADE-
secret model” (15 April, p. 309), R. Mitchell and his colleagues sug-

gest that trade-secret law could be applied effectively to manage the 

use of human genomic information. It would be productive to assess 

the potential application of two 

other legal models as well: the 

individual’s right to control his 

or her name and likeness, and 

the right to control public dis-

closure of private facts.

Jurisdictions that recog-

nize a right of personal pri-

vacy commonly include 

within that right the ability 

of an individual to control the 

use of his/her name and like-

ness for commercial advan-

tage (1). An individual’s name 

and visual image are deemed 

to be unique and highly personal qualities that each person should 

have the right to control. This right is viewed by the law as part of the 

individual’s ability to protect the key aspects of his/her personality. 

Name and likeness have been interpreted to include other charac-

teristics of an individual’s personality, including the sound of his or 

her voice (2). It seems reasonable that the legal framework designed 

to help the individual to protect the integrity of his/her personal-

ity should also include the most intimate aspect of an individual’s 

personality—personal genomic information. 

Personal privacy rights also frequently include the ability to control 

public disclosure of private facts about an individual (3). Arguably, 

genomic information includes the most private and personal facts 

associated with any individual. The right to control public disclosure 

of private facts appears to provide another legal vehicle for manage-

ment of use of personal genomic information.

Application of these traditional privacy rights can supple-

ment legal approaches such as the trade-secret model proposed by 

Mitchell et al. There may also be circumstances in which the trade-

secret model would not be appropriate but the traditional privacy 

rights could be applied. For example, it is unclear whether an indi-

vidual can effectively assert a trade-secret claim when the secret he 

or she possesses is not actually understood by the individual asserting 

the protection. No such complications arise when a traditional per-

sonal privacy right is applied. 

JEFFREY H. MATSUURA

Alliance Law Group, 7700 Leesburg Pike, Falls Church, VA 22043, USA. E-mail: jmatsuura@
alliancelawgroup.com
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In lieu of evaluating the biospecimen con-

tributions of cancer research participants 

under a trade-secret model, we advocate a cus-

todianship model as set forth in the National 

Cancer Institute’s Best Practices for Biospeci-

men Resources (9). The custodianship model 

supposes that biorepositories accept respon-

sibility for ensuring the long-term quality 

and security of contributed biospecimens and 

protect the confi dentiality of participant data. 

This model promotes equitable and continu-

ous access to biospecimens for research in 

accordance with scientifi cally vetted public 

priorities, maintaining trust through account-

ability, transparency, and justice (10).
CAROL J. WEIL AND CAROLYN COMPTON
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for Strategic Scientifi c Initiatives, The National Cancer Insti-
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Trade-Secret Model: 
Legal Limitations
THE POLICY FORUM “GENOMICS, BIOBANKS, 
and the trade-secret model” (R. Mitchell et 

al., 15 April, p. 309) introduces a new way 

to promote the autonomy of research par-

ticipants in genomic biobanks. However, the 

proposed trade-secret model suffers from 

socio-ethical and legal fl aws. 

First, Mitchell et al. confl ate the “value” 

of an individual’s genetic information with 

a “secret.” Rather than articulating a case 

for such a link, the authors simply posit 

that “information encoded by an individu-

al’s DNA” is “something of unique value 

for a certain kind of ‘business’ (biomedical 

research).” However, unique values do not 

necessarily have to be secrets. 

Second, the trade-secret model will 

diminish, not enhance, the autonomy of 

research participants. Enabling biobank 

contributors to obtain legal ownership (not 

mere possession) of their genetic informa-

tion and set the parameters of its use will 

not permit them greater self-control, free 

from external interference. Rather, partici-

pants will be subjected to contractual nego-

tiations with biobankers. Because the bio-

bankers will unilaterally draft the “limited 

menu of options,” the trade-secret model 

could increase the possibility of a power 

imbalance (1).

Third, the model contains legal and pol-

icy fl aws. Trade-secret information, by defi -

nition, must confer an economic benefi t on 

the holder, deriving specifically from the 

fact that the information is not generally 

known (2, 3). Genetic information is fi nan-

cially worthless absent outsourced scien-

tifi c interpretation and technological appli-

cation (and even then, there is no guarantee 

of its fi nancial worth). Trade secrets presup-

pose that the holder knows the confi dential 

information; here, individuals do not know 

most of their own genetic information, but 

the researcher will (4). Also, trade secrets 

do not ameliorate power balance, autonomy, 

or compensation issues. They are not instru-

mental legal tools to serve (bio)ethical ends. 

They are solely means to obtain an eco-

nomic advantage over others. Do we want to 

foster a research environment in which bio-

bankers and contributors compete against 

each other to obtain the most favorable eco-

nomic terms? 

Ultimately, to reap the promised medi-

cal benefi ts of genomic research for all of 

society, we must eschew the individualistic, 

procedural vision of research that falsely 

assumes all actors possess confl icting agen-

das irrevocably irreconcilable outside a legal 

forum. We should focus instead on devel-

oping robust, transparent, and collabora-

tive research models that will truly benefi t 

humanity (5).
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Response
IN OUR POLICY FORUM, WE PROPOSED A 
trade-secret model that would enable greater 

autonomy for individuals who contribute to 

genomic biobanks by contesting elements 

of the informed consent regime. We thank 

Matsuura, Weil and Compton, and Dove, 

Joly, and Knoppers for their thoughts on the 

potential of this model.

Matsuura proposes that personal privacy 

rights could strengthen recognition of research 

participant autonomy. Personal privacy rights 

enable individuals to control public use of 

personal or private information or character-

istics, and are thus a solution to the problem 

of unwanted public disclosure. Yet whether 

guided by current human subjects research 

protections or recent exemption guidelines, 

researchers generally promise not to make 

public any link between individuals and their 

DNA.  Our proposal aims to enhance partici-

pant autonomy whether or not unwanted pub-

lic disclosure becomes an issue.

Our model does not require that individu-

als understand their secret, as both Matsuura 

and Dove, Joly, and Knoppers suggest. The 

information qualifi es as long as it “derives 

economic value, actual or potential, from not 

being generally known” (1). 

Letters to the Editor

Letters (~300 words) discuss material published in 

Science in the past 3 months or matters of gen-

eral interest. Letters are not acknowledged upon 

receipt. Whether published in full or in part, Let-

ters are subject to editing for clarity and space. 

Letters submitted, published, or posted elsewhere, 

in print or online, will be disqualifi ed. To submit a 

Letter, go to www.submit2science.org.
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We do not oppose the custodianship 

model advocated by Weil and Compton, 

although we find it legally complex and 

indeterminate. We do disagree, however, 

with several of their claims. We do not “sub-

mit that donating genetic samples for medi-

cal research is like selling a confidential 

commodity of potentially lucrative value.” 

Rather, we believe that prospective par-

ticipants view their DNA as confidential 

property, and often consider the terms and 

conditions—which may include financial 

compensation—upon which they might per-

mit its use. Likening a participant’s DNA to 

a trade secret does not imply that its primary 

value is personal gain, nor does it preclude 

“widespread dissemination for use.” On the 

contrary, the licensing of trade secrets often 

encourages widespread dissemination. 

Researchers working on “approved stud-

ies” can, if inclined, include in their menu 

options a provision for open sharing.

With respect to practicalities, we do not 

propose recognizing the “diverse licensing 

preferences” of participants. We propose 

that biobanks offer participants a limited 

menu of licenses that differ, for example, 

in the nature of the compensation and the 

extent of the permitted use. Just as sharing 

biospecimens motivated creation of mate-

rial transfer agreements, licensing needs 

can drive creative approaches to track per-

mitted options. We also wish to clarify that 

although Weil and Compton (understand-

ably) refer frequently to cancer research, we 

think that our model should be tested fi rst 

among healthy volunteers.  

Weil and Compton’s claim that our model 

may “foment suspicion and distrust among 

research participants” seems inconsistent 

with their claim that research participants 

“are primarily motivated by altruistic, not 

compensatory, desires.” Our research sug-

gests that participants are motivated by both 

altruism and money, with the respective con-

tributions varying among individuals (2)—a 

reality that our model recognizes. We feel 

that the current interpretation of human 

subjects regulation is more likely than our 

proposal to alienate many among the large 

populations necessary for biobanking, 

given that informed consent often serves as 

a quasilegal device to ensure that an insti-

tution retains rights to whatever is derived 

from a biospecimen yet absolves itself of lia-

bility. Our model, by contrast, offers a way 

for individuals to be actual partners, rather 

than simply “subjects,” in biobank research. 

Dove, Joly, and Knoppers are concerned 

that we conflated “value” with “secret.” 

However, we described these terms as the 

two distinct elements of the legal defi nition 

of a trade secret: It must have economic value 

to its proprietor, and it must not be gener-

ally known. The avid interest of medical sci-

ence in obtaining DNA samples seems to be 

conclusive evidence that a person’s genetic 

information has economic value. Likewise, 

it seems self-evident that DNA information 

cannot be generally known unless and until 

the person chooses to make it available.

We do not see why a menu of options 

would in principle promote a power imbal-

ance, as Dove, Joly, and Knoppers suggest, 

given that a menu could be developed in 

cooperation with likely participants. Such an 

imbalance seems more likely in the present 

system of informed consent. Currently, the 

prospective participant has two choices—

take it or leave it—and all terms are dictated 

by the researcher, and are probably legally 

unenforceable by the participant (3).

The fact that “genetic information is 

fi nancially worthless absent outsourced sci-

entifi c interpretation” is not relevant. Many 

trade secrets cannot be exploited without 

third-party expertise and resources—that is 

why their proprietors license them out.  

Finally, Dove, Joly, and Knoppers sug-

gest that increasing contributor auton-

omy may run counter to “robust, transpar-

ent, and collaborative research models.” 

We disagree that autonomy and collabo-

ration are opposed, given that true col-

laboration seems to require that each par-

ticipant retain autonomy. The idea that the 

trade-secret model necessarily facilitates 

rampant individualism is a misunderstand-

ing of the concept of intellectual property. 

Contrary to what Dove, Joly, and Knop-

pers contend, trade secrets—and intellec-

tual property generally—can indeed be 

“instrumental legal tools to serve (bio)ethi-

cal ends.” Intellectual property owners use 

their rights to promote the public interest 

all the time; for example, PXE International 

holds and uses a patent (which could just as 

well be a trade secret) not for profi t but to 

promote its health agenda.

If our proposal were given a trial among 

healthy volunteers, we suspect that many if 

not most of them would seek the same elee-

mosynary ends for which Dove, Joly, and 

Knoppers argue.  However, our proposal 

would let participants make that choice, 

rather than deferring to scientifi c and aca-

demic elites who speak for them.  
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CORRECTIONS AND CLARIFICATIONS

Reports: “Adipose triglyceride lipase contributes to cancer-
associated cachexia” by S. K. Das et al. (8 July, p. 233). 
Fig. 1G shows normalized white adipose tissue (WAT) weight 
of gonadal, retroperitoneal, and visceral WAT. In Fig. 1, G 
to J, descriptions of “epididymal WAT” actually refer to ret-
roperitoneal WAT. In addition, the last complete sentence 
on p. 235 should read, “To assess the contribution of adi-
pose tissue loss to the tumor-induced weight loss, we deter-
mined white adipose tissue (WAT) mass by visual inspec-
tion, weighing surgically removed adipose depots (gonadal, 
retroperitoneal, and visceral adipose tissue) and in vivo 
nuclear magnetic resonance (NMR) WAT quantitation.”

Research Articles: “Scale for the phase diagram of 
quantum chromodynamics” by S. Gupta et al. (24 June, 
p. 1525). The corresponding author’s e-mail address was 
incorrect. It should be bmohanty@vecc.gov.in. The address 
has been corrected in the HTML version online.

TECHNICAL COMMENT ABSTRACTS

Comment on “A Test of the Snowball 
Theory for the Rate of Evolution of 
Hybrid Incompatibilities”

Daniel A. Barbash

Matute et al. (Reports, 17 September 2010, p. 1518) 
tested the theory that the number of genes involved 
in hybrid incompatibility increases faster than lin-
early. However, the method they used is inappropriate 
because it detects genes that are haploinsuffi cient in 
a hybrid background but that would not contribute to 
lethality in wild-type hybrids, thus overestimating the 
frequency of hybrid inviability.

Full text at www.sciencemag.org/cgi/content/full/333/ 
6049/1576-b

Response to Comment on “A Test of 
the Snowball Theory for the Rate of 
Evolution of Hybrid Incompatibilities”

Daniel R. Matute, David A. Turissini, Jerry A. 

Coyne

Barbash claims that defi ciency mapping of inviability 
regions cannot distinguish hybrid lethality from haplo-
insuffi ciency, the phenomenon whereby a single func-
tional copy of a gene cannot maintain normal function 
in a hybrid genetic background. Although we acknowl-
edge that his hypothesis deserves careful experimental 
testing, we argue against his conclusions and provide 
evidence that our methodology is suitable to study the 
evolution of Dobzhansky-Muller incompatibilities.

Full text at www.sciencemag.org/cgi/content/full/333/
6049/1576-c
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