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(such as Ets1, Gata3, and Tcf1) and boost 

the expression of natural killer cell lineage–

associated genes (including Id2, Il2rb, and 

Nifl 3). They also gained the capacity to grow 

in response to IL-2, and transcriptionally and 

functionally resembled normal cytokine-

activated natural killer cells. As such, Li et 

al. ( 4) refer to these cells as induced T–to–

natural killer (ITNK) cells, which could 

potently eliminate tumor cells in vitro and 

in vivo. Remarkably, mature T cells could 

also be “reprogrammed” to ITNKs, although 

they retained some signatures of their T cell 

origin. Whether these ITNK cells recognize 

antigen via the T cell receptor is not known. 

Thus, Bcl11b appears critical for maintain-

ing T cell identity throughout the T cell life 

span. Moreover, because of their robust pro-

liferative capacities, ITNK could represent a 

potential source for therapies.

The three studies suggest a revised model 

of early T cell lineage commitment with 

Bcl11b as the focal point (see the fi gure). Sig-

nals through Notch1 are critical for initiating 

T cell specifi cation at the early DN stage. Li 

et al. ( 4) show that Notch regulates Bcl11b 

expression, which is critical for repress-

ing myeloid and natural killer cell poten-

tial. Nevertheless, because Bcl11b-defi cient 

precursors do not regain B cell potential, 

another transcription factor must be involved 

in T cell specifi cation.

Although IL-7 is essential for early thy-

mocyte survival and proliferation ( 12), the 

results of Ikawa et al. ( 3) suggest that it 

must also be attenuated to allow Bcl11b–

mediated T cell development. How can this 

paradox be resolved? It is likely that an IL-7 

“niche” in the thymus is limited, as sug-

gested by the discrete anatomical placement 

of IL-7–producing thymic epithelial cells 

( 13). When IL-7 becomes limiting, DN2 

cells must receive other survival signals or 

else die. This instance of IL-7 deprivation 

could increase Bcl11b expression [which 

in turn would repress Il7r expression ( 2)], 

thereby establishing a feedforward loop for 

subsequent T cell commitment. In this way, 

overgrowth of the IL-7 niche would result in 

default T cell progression and further mat-

uration in an IL-7–independent manner. As 

a corollary, early thymocytes from IL-7–

deficient mice (while severely reduced) 

might progress more rapidly through the 

DN2-DN3 transition and show unusually 

high Bcl11b expression.

The gene targets of Bcl11b that promote T 

cell development are yet to be defi ned. Simi-

larly, the molecular determinants of the T cell 

“signature” defi ned by Bcl11b in mature T 

cells are largely unknown. How is T cell iden-

tity maintained? As IL-7 is a central media-

tor of peripheral lymphocyte homeostasis, it 

will be interesting to learn whether Bcl11b 

regulation of cytokine receptor sensitivity 

also operates in the maintenance of diverse 

peripheral T cell subsets. 
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To Cool or Not to Cool

CHEMISTRY

Volker Bromm

Precision measurements of chemical processes 

are providing a clearer picture of how 

the universe evolved.

        O
ne of the tantalizing questions in 

modern cosmology concerns how 

the fi rst stars formed at the end of 

the cosmic dark ages, a few hundred million 

years after the Big Bang. It has long been 

realized that their emergence must have set 

into motion the rapid transformation of the 

early universe from an exceedingly simple 

initial state into one of ever-increasing com-

plexity ( 1). On page 69 of this issue, Kreckel 

et al. ( 2) present a combination of labora-

tory and numerical astrophysics to provide 

an improved value for the production rate 

of molecular hydrogen (H
2
), one of the key 

physical processes that governed the forma-

tion of the fi rst stars.

A picture of primordial star formation has 

emerged, based on sophisticated supercom-

puter simulations, in which the fi rst stars were 

predominantly very massive, with typical 

masses a few hundred times that of the Sun 

( 3). At the core of this picture lies the argu-

ment that the primordial gas, consisting only 

of the hydrogen and helium made in the Big 

Bang itself, can only cool via the excitation of 

low-energy rotational transitions in H
2
. This 

is not a very efficient cooling mechanism, 

however, resulting in temperatures of about 

200 to 300 K within the pristine star-forming 

clouds compared to the 10 K found in present-

day giant molecular clouds, where stars form 

in our Milky Way galaxy. In modeling the 

fi rst stars, a crucial ingredient is the amount 

of H
2
 produced. Until now, the correspond-

ing production rate was subject to substantial 

disagreements between different theoretical 

calculations and experiments. The results of 

Kreckel et al. remove this lingering uncer-

tainty. Indeed, it is a fascinating aspect of this 

study that microphysical processes can have 

such large-scale, cosmological implications.

The typical mass range of the fi rst stars is 

so important because it determines how they 

shaped early cosmic evolution via feedback 

effects. For example, the emission of ener-

getic ultraviolet radiation from their surfaces 

strongly depends on stellar mass. Emitted 

photons were able to ionize the neutral hydro-

gen in the surrounding intergalactic medium, 

thus initiating the protracted process of cos-

mic “reionization.” Understanding this pro-

cess is a crucial goal, as it was the last global 

phase transition in the history of the universe, 

transforming a completely neutral hydro-

gen-helium gas into the almost fully ionized 

plasma observed around us today ( 4). After 

reionization, different regions in the uni-

verse evolved largely independently of each 

other. Reionization left a number of observ-

able signatures behind whose strength and 

character depends on the contribution from 

the fi rst stars. The most important signature 

is the optical depth to Thomson scattering, a 

process that describes how often a photon of 

the cosmic microwave background interacts 

with free electrons along its path of propa-

gation. The free electrons in turn are created 

by the ionizing radiation from stars, and the 

cumulative optical depth is thus a measure 
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of star formation throughout cosmic time. 

The Wilkinson Microwave Anisotropy Probe 

(WMAP) has determined this quantity with 

high precision ( 5), indicating that a few per-

cent of the total signal measured by WMAP 

may be attributable to the fi rst stars.

The fi rst stars were also responsible for 

enriching the pristine, pure H/He gas with 

the fi rst heavy chemical elements. Again, the 

nature of this initial enrichment event is sensi-

tive to the mass of the fi rst stars, as differences 

in progenitor masses translate into different 

classes of supernova explosions that have par-

ticular nucleosynthetic element patterns ( 6). 

One intriguing possibility is that a fraction of 

primordial stars died in a particular kind of 

explosion, called a hyperenergetic pair-insta-

bility supernova (PISN). Such events are pre-

dicted to leave behind no compact remnant, 

neither a neutron star nor a black hole, and 

would therefore release the entire amount of 

heavy elements produced in their interior into 

the surrounding cosmic gas. A PISN would 

therefore constitute a very effi cient mecha-

nism to rapidly enrich the early universe with 

heavy elements, just a few million years after 

the fi rst stars appeared ( 7,  8). The PISN idea 

existed only as a theoretical scenario ( 9,  10), 

but recently, a promising candidate for such an 

unusual explosion was discovered in a nearby 

small galaxy ( 11). This discovery greatly 

strengthens the case for such extreme explo-

sions to have occurred in the early universe.

The process investigated by Kreckel et al. 

may be important not only for the formation 

of the fi rst stars, but also of the fi rst galax-

ies (see the fi gure). Within the current stan-

dard model of cosmological structure forma-

tion, dominated by cold (slow-moving) dark 

matter particles, structures are predicted to 

form hierarchically from the bottom up, so 

that smaller systems merge into ones of ever-

increasing mass. The fi rst stars are expected 

to emerge in small dark matter halos, as single 

stars or members of a small group. To form 

galaxies, more massive halos are needed with 

a correspondingly larger amount of gas for 

star formation, so that systems of stars can 

be built up. The primordial gas condensing 

inside the fi rst galaxies may have been able 

to cool to lower temperatures, and the masses 

of the resulting stars would be consequently 

smaller. The additional cooling boost would 

come from the hydrogen deuteride (HD) mol-

ecule, where one deuterium atom replaces 

one of the hydrogen atoms in conventional H
2
 

( 12). Whether this additional cooling mech-

anism will be important depends on the H
2
 

formation rate. Now that Kreckel et al. have 

provided a reliable value for this key process, 

theorists can follow the thermal history of the 

gas as it collapses into the fi rst galaxies with 

much greater confi dence. Incorporating the 

relevant microphysics into computer mod-

els will enable improved simulations of the 

assembly process of primordial galaxies, and 

of the star formation ensuing in them.

Making realistic predictions for the prop-

erties of the first galaxies is important in 

preparing for the James Webb Space Tele-

scope (JWST) launch, planned for 2014. 

The JWST will have exquisite sensitivity in 

the near-infrared waveband, where the bulk 

of the radiation from very distant sources 

lies. Despite its unprecedented sensitivity, 

the JWST will not be able to detect individ-

ual primordial stars, but it would be able to 

image clusters containing a large number of 

them, and such clusters may arise inside the 

fi rst galaxies. Predicting the overall energy 

output and the color of such primordial star 

clusters is highly dependent on the stellar 

mass, and therefore on the cooling processes 

that initiate the star formation process. A sec-

ond reason why understanding the fi rst galax-

ies matters is that they are the likely sites for 

the formation of the fi rst low-mass stars. Such 

stars evolve suffi ciently slowly that they are 

still around today, 13 billion years after their 

birth. Astronomers can hunt for local fossils 

of the cosmic dark ages in the halo of our 

Milky Way, an approach often termed “stellar 

archaeology” ( 13). The idea is to scrutinize 

the elemental abundance patterns observed in 

their atmospheres, and to infer the properties 

of the fi rst supernovae that produced these 

elements. The fi nal goal is to indirectly deter-

mine the mass of the fi rst stars.

The key to unlocking the mysteries of our 

cosmic beginnings relies on precision mea-

surements carried out by atomic and molec-

ular physicists in laboratories here on Earth. 

The increased power of our computer models 

and the enhanced sensitivity of our telescopes 

will continue to feed the need for such preci-

sion experiments.  
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Primordial galaxy. A supercomputer frame showing how the pristine hydrogen and helium gas has assem-
bled in the center of one of the fi rst galaxies, 500 million years after the Big Bang. The prominent disk is a 
few thousand light years across, with a massive gas cloud in the very center. This cloud is expected to frag-
ment and give rise to a massive cluster of stars, possibly bright enough to be observable with the JWST. Future 
simulations will include the new Kreckel et al. results.
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