


S15). Considerable Niger-Kordofanian ancestry
(shades of orange) was observed in nearly all popu-
lations, reflecting the recent spread of Bantu speakers
across equatorial, eastern, and southem Aftica (27)
and subsequent admixture with local populations
(28). Many Nilo-Saharan—speaking populations in
East Aftica, such as the Maasai, show multiple
cluster assignments from the Nilo-Saharan (red) and
Cushitic (dark purple) AACs, in accord with
linguistic evidence of repeated Nilotic assimilation
of Cushites over the past 3000 years (32) and with
the high frequency of a shared East Aftrican—specific
mutation associated with lactose tolerance (33).

Our data support the hypothesis that the Sahel
has been a corridor for bidirectional migration
between eastern and western Aftica (34-36). The
highest proportion of the Nilo-Saharan AAC was
observed in the southern and central Sudanese
populations (Nuer, Dinka, Shilluk, and Nyimang),
with decreasing frequency from northern Kenya
(e.g., Pokot) to northern Tanzania (Datog, Maasai)
(Fig. 5, B and C, and fig. S15). Additionally, all
Nilo-Saharan—speaking populations from Kenya,
Tanzania, southern Sudan, and Chad clustered
with west central Afroasiatic Chadic—speaking
populations in the global analysis at K < 11 (Fig.
3), which is consistent with linguistic and
archeological data suggesting bidirectional mi-
gration of Nilo-Saharans from source populations
in Sudan within the past ~10,500 to 3000 years
(4, 29). The proposed migration of proto-Chadic
Afroasiatic speakers ~7000 years ago from the
central Sahara into the Lake Chad Basin may
have resulted in a Nilo-Saharan to Afroasiatic
language shift among Chadic speakers (37).
However, our data suggest that this shift was
not accompanied by large amounts of Afroasiatic
gene flow. Other populations of interest, includ-
ing the Fulani (Nigeria and Cameroon), the
Baggara Arabs (Cameroon), the Koma (Nigeria),
and Beja (Sudan), are discussed in (4).

Genetic structure in East Africa. East Africa,
the hypothesized origin of the migration of
modern humans out of Africa, has a remarkable
degree of ethnic and linguistic diversity, as
reflected by the greatest level of regional sub-
structure in Africa (figs. S15, S16, and S19 to
S21). The diversity among populations from this
region reflects the proposed long-term presence
of click-speaking Hadza and Sandawe hunter-
gatherers and successive waves of immigration
of Cushitic, Nilotic, and Bantu populations
within the past 5000 years (4, 29, 32, 38, 39).
Within eastern Africa, including southern and cen-
tral Sudan, clustering is primarily associated with
language families, including Niger-Kordofanian,
Afroasiatic, Nilo-Saharan, and two click-speaking
hunter-gatherer groups: the Sandawe and Hadza
(figs. S19 to S21). However, individuals from the
Afroasiatic Cushitic Iraqw and Gorowa (Fiome)
and the Nilo-Saharan Datog, who are in close
geographic proximity, also cluster. Additionally,
several hunter-gatherer populations were distinct,
including the Okiek, Akie, and Yaaku and El
Molo. Of particular interest is the common an-

cestry of the Akie (who have remnants of a
Cushitic language) and the Eastern Cushitic El
Molo and Yaaku at K = 9, consistent with
linguistic data suggesting that these populations
originated from southern Ethiopia and migrated
into Kenya and Tanzania within the past ~4000
years (4, 29, 32, 39).

Origins of hunter-gatherer populations in
Africa. Our analyses demonstrate potential shared
ancestry of a number of populations who practice
(or until recently practiced) a traditional hunting
and gathering lifestyle. For example, we ob-
served a Hadza AAC (yellow)at K=5and K=3
in the global and African STRUCTURE analy-
ses, respectively (Fig. 3 and fig. S15), which is at
moderate levels (0.18 to 0.32) in the SAK and
Pygmy populations and at low levels (0.03 to
0.04) in the Sandawe and neighboring Burunge
with whom the Sandawe have admixed (tables
S8 and S9). The SAK and Pygmies continue to
cluster at higher K values (Fig. 3 and fig. S15)
and in the TESS (Fig. 5A) and phylogenetic (Fig.
1) analyses, consistent with an exclusively shared
Y chromosome lineage (B2b4) (40). Additional-
ly, we observed clustering of the SAK, Sandawe,
and Hadza in the Rgt phylogenetic tree (fig. S8)
and of the SAK, Sandawe, and Mbuti Pygmies at
low K values in the secondary modes of Africa
STRUCTURE analyses (fig. S16), consistent
with observed low frequency of the Khoesan-
specific mitochondrial haplotype (LOd) in the
Sandawe (18, 19), the presence of Khoesan-
related rock art near the Sandawe homeland (47),
and similarities between the Sandawe and SAK
languages (42). These results suggest the possi-
bility that the SAK, Hadza, Sandawe, and Pygmy
populations are remnants of a historically more
widespread proto—Khoesan-Pygmy population
of hunter-gatherers. Analyses of mtDNA and Y
chromosome lineages in the Khoesan-speaking
populations suggest that divergence may be
>35,000 years ago (4, 17-19). The shared
ancestry, identified here, of Khoesan-speaking
populations with the Pygmies of central Africa
suggests the possibility that Pygmies, who lost
their indigenous language, may have originally
spoken a Khoesan-related language, consistent
with shared music styles between the SAK and
Pygmies (4, 43).

Shared ancestry of western and eastern
Pygmies, who do not become differentiated until
larger K values in STRUCTURE analyses (Fig. 3
and fig. S15), was also supported by the
phylogenetic trees (Fig. 1 and figs. S7 and S8),
consistent with mtDNA and autosomal studies
indicating that the western and eastern Pygmies
diverged >18,000 years ago (44—47). Western
Pygmy populations usually clustered (Fig. 3 and
fig. S15), consistent with a proposed recent
common ancestry within the past ~3000 years
(48). However, subtle substructure within the
western Pygmies was apparent in the analysis
of central Africa (fig. S24), probably due to
recent geographic isolation and genetic drift.
Asymmetric Bantu gene flow into Pygmy popu-
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lations was also observed, with Bantu ances-
try ranging from 0.13 in Mbuti to 0.54 in the
Bedzan (table S8), consistent with prior studies
(40, 44, 49, 50).

The Hadza, with a census size of ~1000,
were genetically distinct on a global level with
STRUCTURE, PCA, and TESS (Figs. 2 to 5),
consistent with linguistic data indicating that the
Hadza language is divergent from or unrelated to
other Khoesan languages (42, 51, 52). The Hadza,
who have maintained a traditional hunter-gatherer
lifestyle, show low levels of asymmetric gene
flow from neighboring populations, whereas the
Sandawe, with a census size of >30,000 (39),
show evidence of bidirectional gene flow with
neighboring populations, from whom they may
have adopted mixed farming technologies (Figs.
3 to 5 and fig. S15). In fact, we observed high
levels of the Sandawe AAC in northern Tanzania
and low levels in northern Kenya and southern
Ethiopia (Fig. 3 and fig. S15) (K = 8 to 13), con-
sistent with linguistic and genetic data suggesting
that Khoesan populations may once have ex-
tended from Somalia through eastern Africa and
into southern Africa (28, 38, 53-55). Although
the Hadza and Sandawe show evidence of com-
mon ancestry (Fig. 1 and figs. S7, S8, S14, S18,
and S21), we observe no evidence of recent gene
flow between them despite their geographic
proximity, consistent with mtDNA and Y chro-
mosome studies indicating divergence >15,000
years ago (/9). The origins of other African
hunter-gatherer populations (Dorobo, Okiek,
Yaaku, Akie, El Molo, and Wata) are discussed
in (4).

Origins of human migration within and
out of Africa. The geographic origin for the
expansion of modern humans was inferred, as in
(13), from the correlation between genetic diver-
sity and geographic position of populations (7) (figs.
S30 and S31). Both the point of origin of human
migration and waypoint for the out-of-Africa
migration were optimized to fit a linear relationship
between genetic diversity and geographic distance
(4). This analysis indicates that modern human
migration originated in southwestern Africa, at
12.5°E and 17.5°S, near the coastal border of
Namibia and Angola, corresponding to the current
San homeland, with the waypoint in northeast
Aftica at 37.5°E, 22.5°N near the midpoint of the
Red Sea (figs. S2C, S30, and S31). However, the
geographic distribution of genetic diversity in
moderm populations may not reflect the distribution
of those populations in the past, although our
waypoint analysis is consistent with other studies
suggesting a northeast African origin of migration
of modem humans out of Africa (/, 56).

Correlation between genetic and linguistic
diversity in Africa. Genetic clustering of popu-
lations was generally consistent with language
classification, with some exceptions (Fig. 1 and
fig. S32). For example, the click-speaking Hadza
and Sandawe, classified as Khoesan, were sepa-
rated from the SAK populations in the D* and
(8w)* phylogenetic trees (Fig. 1 and fig. S7).
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Fig. 6. Analyses of
Cape Mixed Ancestry
(CMA) and African Amer-
ican populations. Fre-
quencies of inferred
ancestral clusters are
shown for K = 14 with
the global data set
for individuals (top
row) and proportion of
AAGs in self-identified
populations (bottom
row). The proportions
of AAGs in the CMA
and African American
populations are high-
lighted in the center
bottom row; propor-
tions of AAGs in indi-
viduals, sorted by
Niger-Kordofanian, Eu-
ropean, SAK, and/or
Indian ancestry, are
shown to the left and
right, bottom row.
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However, this observation is consistent with
linguistic studies indicating that these Khoesan
languages are highly divergent (42, 51) and may
reflect gene flow between the Hadza and
Sandawe with neighboring populations in East
Africa subsequent to divergence from the SAK.
Additionally, the Afroasiatic Chadic—speaking
populations from northern Cameroon cluster
close to the Nilo-Saharan—speaking populations
from Chad, rather than with East African Afroasi-
atic speakers (Fig. 1), consistent with a language
replacement among the Chadic populations.

Other divergences between genetic and lin-
guistic classifications include the Pygmies, who
lost their indigenous language and adopted the
neighboring Niger-Kordofanian language (27),
and the Fulani, who speak a West African Niger-
Kordofanian language but cluster near the Chadic-
and Central Sudanic—speaking populations in the
phylogenies (Fig. 1 and figs. S7 and S8), con-
sistent with Y chromosome studies (34). Addi-
tionally, the Nilo-Saharan—speaking Luo of Kenya
show predominantly Niger-Kordofanian ancestry
in the STRUCTURE analyses (orange) (Figs. 3
and 4, Fig. 5, B and C, and fig. S15) and cluster
together with eastern African Niger-Kordofanian—
speaking populations in the phylogenetic trees
(Fig. 1 and figs. S7 and S8).

Both language and geography explained a
significant proportion of the genetic variance, but
differences exist between and within the lan-
guage families (table S5 and fig. S33, A to C) (4).
For example, among the Niger-Kordofanian
speakers, with or without the Pygmies, more of
the genetic variation is explained by linguistic
variation (% = 0.16 versus 0.11, respectively; P <
0.0001 for both) than by geographic variation
(#* = 0.02 for both; P < 0.0001 for both), con-
sistent with recent long-range Bantu migration
events. The reverse was true for Nilo-Saharan
speakers (7 = 0.06 for linguistic distance versus
0.21 for geographic distance; P < 0.0001 for
both), possibly due to admixture among Nilo-
Saharan—, Cushitic-, and Bantu-speaking popu-
lations in eastern Africa, which might reduce the
variation explained by language. The Afroasiatic
family had the highest * for both linguistic and
geographic distances (0.20 and 0.34, respective-
ly). However, when subfamilies were analyzed
independently, the Chadic-speaking populations
showed a strong association between geogra-
phy and genetic variation (0.39), but not between
linguistic and genetic variation (0.0012), as ex-
pected on the basis of a possible language replace-
ment, whereas the Cushitic-speaking populations
were significant for both (0.29 and 0.27, respec-
tively) (4).

Genetic ancestry of African Americans and
CMA populations. In contrast to prior studies
of African Americans (57-61), we inferred Afri-
can American ancestry with the use of genome-
wide nuclear markers from a large and diverse set
of African populations. African American pop-
ulations from Chicago, Baltimore, Pittsburgh, and
North Carolina showed substantial ancestry from
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the African Niger-Kordofanian AAC, most com-
mon in western Africa (means 0.69 to 0.74), and
from the European—Middle Eastern AAC (means
0.11 to 0.15) (Fig. 6 and tables S6 and S8), con-
sistent with prior genetic studies and the history of
the slave trade (4, 57-62). European and African
ancestry levels varied considerably among indi-
viduals (Fig. 6). We also detected low levels of
ancestry from the Fulani AAC (means 0.0 to 0.03,
individual range 0.00 to 0.14), Cushitic AAC
(means 0.02, individual range 0.00 to 0.10),
Sandawe AAC (means 0.01 to 0.03, individual
range 0.0 to 0.12), East Asian AAC (means 0.01
to 0.02, individual range 0.0 to 0.08), and Indian
AAC (means 0.04 to 0.06, individual range 0.01
to 0.17) (table S6) (4). We observed very low
levels of Native American ancestry, although
other U.S. regions may reveal Native American
ancestry (57).

Supervised STRUCTURE analysis (fig. S34)
(4) was used to infer African American ancestry
from global training populations, including both
Bantu (Lemande) and non-Bantu (Mandinka)
Niger-Kordofanian—speaking populations (fig.
S34 and table S7). These results were generally
consistent with the unsupervised STRUCTURE
analysis (table S6) and demonstrate that most
African Americans have high proportions of both
Bantu (~0.45 mean) and non-Bantu (~0.22 mean)
Niger-Kordofanian ancestry, concordant with
diasporas originating as far west as Senegambia
and as far south as Angola and South Africa (62).
Thus, most African Americans are likely to have
mixed ancestry from different regions of western
Africa. This observation, together with the subtle
substructure observed among Niger-Kordofanian
speakers, will make it a challenge to trace the
ancestry of African Americans to specific ethnic
groups in Africa, unless considerably more
markers are used.

The CMA population shows the highest
levels of intercontinental admixture of any global
population, with nearly equal high levels of SAK
ancestry (mean 0.25, individual range 0.01 to
0.48), Niger-Kordofanian ancestry (mean 0.19,
individual range 0.01 to 0.71), Indian ancestry
(mean 0.20, individual range 0.0 to 0.69), and
European ancestry (mean 0.19, individual range
0.0 to 0.86) (Fig. 6 and tables S6 and S8). The
CMA population also has low levels of East
Asian ancestry (mean 0.08, individual range 0.0
to 0.21) and Cushitic ancestry (mean 0.03, in-
dividual range 0.0 to 0.40). These results are
consistent with the supervised STRUCTURE
analyses (fig. S34 and table S7) and with the
history of the CMA population (4, 63).

The genetic, linguistic, and geographic land-
scape of Africa. The differentiation observed
among African populations is likely due to eth-
nicity, language, and geography, as well as techno-
logical, ecological, and climatic shifts (including
periods of glaciation and warming) that contrib-
uted to population size fluctuations, fragmenta-
tions, and dispersals in Africa (1, 4, 34, 64). We
observed significant associations between genet-
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ic and geographic distance in all regions of
Affica, although their strengths varied. We also
observed significant associations between genet-
ic and linguistic diversity, reflecting the concom-
itant spread of languages, genes, and often
culture [e.g., the spread of farming during the
Bantu expansion (28)]. Of interest for future
anthropological studies are the cases in which
populations have maintained their culture in the
face of extensive genetic introgression (e.g.,
Maasai and Pygmies) and populations that have
maintained both cultural and genetic distinction
(e.g., Hadza).

Given the extensive amount of ethnic diver-
sity in Africa, additional sampling—particularly
from underrepresented regions such as North and
Central Africa—is important. Because of the
extensive levels of substructure in Aftrica, ethni-
cally and geographically diverse African pop-
ulations need to be included in resequencing,
genome-wide association, and pharmacogenetic
studies to identify population- or region-specific
functional variants associated with disease or
drug response (/). The high levels of mixed an-
cestry from genetically divergent ancestral pop-
ulation clusters in African populations could also
be useful for mapping by admixture disequilib-
rium. Future large-scale resequencing and geno-
typing of Africans will be informative for
reconstructing human evolutionary history, for
understanding human adaptations, and for iden-
tifying genetic risk factors (and potential treat-
ments) for disease in Africa.
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Dispersion of the Excitations of
Fractional Quantum Hall States

Igor V. Kukushkin,? Jurgen H. Smet,>* Vito W. Scarola,>*

Vladimir Umansky,” Klaus von Klitzing"

The rich correlation physics in two-dimensional (2D) electron systems is governed by the dispersion
of its excitations. In the fractional quantum Hall regime, excitations involve fractionally charged
quasi particles, which exhibit dispersion minima at large momenta referred to as rotons. These
rotons are difficult to access with conventional techniques because of the lack of penetration depth
or sample volume. Our method overcomes the limitations of conventional methods and traces the
dispersion of excitations across momentum space for buried systems involving small material
volume. We used surface acoustic waves, launched across the 2D system, to allow incident radiation
to trigger these excitations at large momenta. Optics probed their resonant absorption. Our
technique unveils the full dispersion of such excitations of several prominent correlated ground
states of the 2D electron system, which has so far been inaccessible for experimentation.

exposed to a strong perpendicular magnetic

field B, interaction effects give rise to a
remarkable set of quantum fluids. When all elec-
trons reside in the lowest electronic Landau level,
the kinetic energy is quenched and the Coulomb
interaction then dominates. The strong repulsive
interaction gives rise to the incompressible frac-
tional quantum Hall fluids at rational fillings V), of
the lowest Landau level of the form v, = p/[2p +
1, p=1, 2, 3,... (). The appearance of these
fluids may also be understood as a result of
Landau quantization of a Fermi sea, which forms
at filling factor v, ., = 1/2 and is composed of
quasi particles referred to as composite fermions
(2—4). At this filling, these composite fermions
experience a vanishing effective magnetic field

In two-dimensional electron systems (2DESs)
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fermion orbits and the successive depopulation
of the associated Landau levels give rise to the
incompressible fractional quantum Hall fluids.
The lowest energy-neutral excitation of these
fluids involves a negatively charged quasi par-
ticle with a fractional charge of e/(2p + 1), where
e is the charge on the electron (5-7), and a
positively charged quasi hole that is left behind.
This excitation requires an energy that, in the
weakly interacting picture, corresponds to the
energy gap separating adjacent composite fermi-
on Landau levels (4, 8). According to theory,
these neutral excitations at fractional filling v,
possess an energy dispersion with p minima at
large wave vectors ¢ on the order of the inverse
of the magnetic length Iz = \/e/hB, where h
is Planck’s constant, or about 10° m™" for typi-
cal densities of gallium arsenide—based 2DESs
1, 9-14).

The minima are referred to as magneto-roton
minima and are analogous to the roton minimum

Be. When moving away from half filling, the
composite fermions are sent into circular cyclotron
orbits that they execute with frequency o, cr ¢
|B.f. Landau quantization of these composite

in the excitation dispersion that was introduced
by Landau (/5) to account for the anomalous
heat capacity observed in superfluid He-II (/6).
The magneto-roton minima govern the low-

Fig. 1. Experimental arrangement for the detection of resonant microwave absorption at large wave
vectors. (Left) Sample geometry consisting of a 0.1-mm-wide and 1-mm-long mesa. At its ends, the
mesa widens and hosts two interdigital transducers with period psaw. High-frequency radiation drives
the left transducer. The transducer launches SAWs across the sample. In the active-device region,
light from a 780-nm laserdiode triggers a luminescence signal. This region of the sample is also
irradiated with a quasi-monochromatic microwave by using a second high-frequency generator.
Electrodes 1 and 4, which belong to transducers on opposite sides of the mesa, serve as a dipole
antenna. (Right) Schematic of the cryostat configuration and the high-frequency chip carrier.
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