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1. Introduction

Wilson fermions with a twisted mass term evaluated at “makitwist” offer a number of ad-
vantages over untwisted fermions, such as the absenceeaftextal configurations and automatic
0 (a) improvement. In order to see whether these features carbalsaccessfully exploited for
future analyses of the QCD finite temperature phase transitie present as a prerequisite an in-
vestigation of the phase diagram spanned by the hoppingnedeax, the twisted mass parameter
u and the gauge coupling for N = 2 quarks.

The twisted mass action for two degenerate fermions cangfghe standard Wilson action,
augmented by a twisted mass tefiiu s T3. The hopping parameter and the twist parameter
U are related to the bare quark mass as

1/1 1)\?
mq:\/21 (E_K—J 2 (L.1)

For maximal twist we have = K, in which case the quark mass is determinequtglone. For a
recent review of the twisted mass formulation, see [1].

The expected phase structure is based on symmetry arguarahieading order chiral per-
turbation theory [2, 3, 4]. It has recently been discussefblina qualitative sketch is shown in
Figure 1. The phase diagram divides into two regions. The&o Aoki phase for small values
of B (cf. [6]) is in theu = O plane, sincet £ 0 explicitly breaks the associated parity-flavour sym-
metry. For larger values @8, a conical surface is believed to mark the thermal transitietween
the hadronic and quark gluon regimes. This is based on thecegpn [5] that, for fixed3, the
lines of equal bare quark mass in tfre ) plane given by equation (1.1) should correspond to
lines of constant physics at that lattice spacing.
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Figurel: Speculative phase structure for twistedrigure 2: Summary of results. Note that the
mass Wilson fermions. The Aoki phase is part déft part of the diagram shows the = 0 plane
the u = 0 plane and the thermal transition is exwhereas the right part (also the enlarged insert)
pected to be located on a conical surface; cf. [5$hows the thermal transition line fpr= 0.005.

Our simulations are performed on a®168 lattice using an improved HMC code as described
in [7], based on the tree-level Symanzik improved gaugeoactiWe search for signatures for
the Aoki phase and its possible decoupling from the decomféms transition in the range from
B = 3.40 to 360. For larger3, we present results for the slice of the surface at fined 0.005
obtained from simulations @& € {3.75,3.775 3.8}, supplemented by data At= 3.9 from a pre-
vious investigation [8]. Our findings, to be discussed inftillowing sections, are summarized in
Figure 2.
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2. Search for the Aoki Phase

In a first attempt to roughly estimate a region of parametacesyor a potential Aoki phase,
we performed a scan ir at several values g8 keepingu = 0 fixed. According to the Aoki
phase scenario the masses of the charged as well as thd pautsavanish along the border of the
Aoki phase. Consequently, we expect the average numbemgigate-gradient iteration8\cg)
in the HMC process to peak there. Such a behaviour is denabedtin the lower-left graph of
Figure 3 where-log(Ncg) is shown as a function of for different values of3. We find that the
minimum of —log(Ncg) shifts slightly towards lowek asf3 increases. In the upper-left panel of
Figure 3, this is consistently reflected in the behaviouthefaverage plaquette, showing a rather
rapid change when approaching the region whibkg;) peaks. Therefore, given the data(bkg),

a possible Aoki phase should lie within the narrow interat [0.16,0.20].

The Polyakov loop as an indicator for a thermal phase tiiansitmains flat throughout this
interval. A significant rise can only be found fer> 0.21, i.e. well beyond the possible Aoki
phase region. This can be seen on the right hand side of FRjuvkere the real part of the
Polyakov loop and its susceptibility are shown as functiohg. Therefore, if an Aoki phase
were found somewhere between= 0.16 and 0.20, this would be in contrast to the experience
gained in previous investigations (with Wilson gauge amti®] in which no clear separation of
the Aoki phase from the thermal transition has been obsersaxpected for the phase diagram
at u = 0, thek value at which the Polyakov loop rises significantly shiftdawer values wheifs
is increased.

At B = 3.4 we have started a more thorough investigation of the exdstef a phase of broken
parity-flavour symmetry by searching fokaregion where the order parametgriyst3y) does not
vanish in the limit lim,_olimy .« (@iyT3Y). Here the strength of the “external fielt'is related
to the twisted mass paramefehy h = 2k u. So far, we have only measured the order parameter
as a function ok at 3 = 3.4 and the three valuds= 0.01, Q005 and 00025. Our current results
for the average plaquette and the order parameter are shdwgure 4; on the left hand side both
observables as functions gfand on the right hand side on{yiyst3) versush. As above, the
average plaguette exposes a rapid change or discontiraugtyuaction ok. This becomes slightly
stronger with decreasinky The order parameter is observed to peak arahek 0.1825. This
peak becomes smaller and narrower in widtthadecreases. Looking at the right hand side of
Figure 4, we get strong indications that for- 0 the order parameter tends to zero forallalues
considered. Therefore, our yet preliminary resultg at 3.4 point to an absence of the Aoki phase
and a possible first order phase transition, a scenarioisedtay the occurence of long-lasting
metastable states at= 0.1830. In this context it should be mentioned that first ordsaviour
for Wilson fermions in the intermediate coupling regime hagn observed before (cf. [9] and
references therein). We interprete our data in the same wayramnant of the.(T = 0) bulk
transition. Of course, the existence of an Aoki phase atlem@lis left open. In any case, our
results for the Polyakov loop show that the deconfining itemmshappens at considerably larger
values.
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Figure3: Scan of the phase diagramiat= 0 looking for signals of an Aoki phaskeft: Average plaquette
(top) and minus the logarithm of the average number of C@itens (bottom) as functions a&f. Right:
The real part of the Polyakov loop (top) and its susceptibfliottom) also as functions .
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Figure4: Search for the Aoki-phase Bt= 3.4 at 3 different values di. L eft: Average plaquette (top) and
the order parameter (bottom) versusRight: The order parameter vershdor k < k* (top) andk > «*
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3. Thermal Transition Line

In order to locate the thermal transition line far= 0.005 we fixed3 and scanned i,
reaching¢’(10000 statistics for each pairing. As observables we used theuptse the real
part of the Polyakov loop and their respective suscepidslias well as the pion norm, which
is given by ||71|? = 3, Tr@i(x) ysW(X)T(0)ysw(0). The susceptibilities have been normalized as
Xo = N3 <02> — (O>2 . The critical couplingkt for the thermal transition is then signalled by a
peak in the susceptibllities.

In Figure 6 we present our data for the search for the thenaasition line afu = 0.005 for
the various values gB. The criticalkt of the transition is decreasing with growiry This is
consistent with the fact thdt(m) is an increasing function of quark mass, as found with stagbe
or untwisted Wilson fermions (for a recent review, see [1@prrespondingly, the signal in the
Polyakov loop becomes more pronounced with increaginghereas the signal in the plaquette
becomes broader. The values we extracted for the thernraditicm k1 (u,3) are collected in
Figure 5; they are compared to the values #gfT = 0,3), cf. [11, 12, 13]. As in the case of
untwisted Wilson fermions [14], the distance betwa&grandk, grows with increasing3.

0167 P Figure5: Results for the thermal transition line
o3 e ] kT (B, 1t = 0.005) compared to the known points
0165 ‘ ] for the criticalk; atT = 0.
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As stated above, due to equation (1.1), for fixed lattice isgawiz. couplingf3, there should
be a line of equal physics in the, 1) plane. This leads to the expectation of a conical thermal
transition surface in the phase diagram as sketched indé-iyuin order to check this expectation
we have scanned for the transition bottxirfor fixed u, as well as inu for fixed k.

In Figure 7 we present the comparison of a scgm that was performed at = k(T = 0,8 =
3.9) with /(4000 statistics with a scan ik at 3 = 3.9 andu = 0.005 with up to’(10000 HMC
sweeps. The points are mapped to an effective bare quarkusagsequation (1.1). The similar
behaviour provides preliminary evidence for the existenicat least part of the conical structure
of the transition surface. Note that the data correspondffeereht u-values. Since this varying of
H, i.e. of the twist angle arctap /(m—m)), introducedO(a) effects, the data are distorted away
from the unique curve by finite lattice spacing effects.

In Figure 8 we sketch an approximate slice of the phase diagndrigure 1 at a large. A
line of equal critical mass, defined by (1.1), for the therimahsition is sketched. The vertical line
within the ellipse is the 3 order line containing (3, T = 0, u = 0) as predicted bxPT for T =0
— cf. [3]. Our present and planned future investigationslargtrated as well.



Twisted mass QCD at finite temperature Lars Zeidlewicz

0.572 T T T T T 0.008

=375 — & =375 — & —
057 | . p=3.775 J 0.0075 | p=3.775 1
- B=3.8 —e— B=3.8 —&—
0.568 |- “ 1 . 0.007
0566 | P - u § 0005
L * . g o006 f
2 0% et 5 00055 | % }
3 0562 - L] > }
g - 3 0.005 E T
056 - - % 0.0045 | % E E T !
0.558 | . g ool E : } %
0.556 - ] 0.0035 | 3 ]
0.554 - - ] 0.003 | B
0.552 . Ll L . . 0.0025 . L L L .
0.162 0.163 0.164 0.165 0.166 0.167 0.168 0.162 0.163 0.164 0.165 0.166 0.167 0.168
K K
0.018 T T T T T 0.2 T T T T T
BT : BT
0016 | 4 P e g 018 | “p=3.8
g oot E i; 016 |-
__§ 0012 | 3 : L] % g ol
g oo1f ¢ % % 1 =
“S 3 & g o012} }
g 0008 3 1 “i 3 §§ i §
T oo0s | * . E ol 3t i#”
g 3
oooel T - g oos s ;
a " [} mm "
0.002 : . : : : 0.06 : : : : :
0.162 0.163 0.164 0.165 0.166 0.167 0.168 0.162 0.163 0.164 0.165 0.166 0.167 0.168
K K
3.4 T T
p=3.75 —m— . .
ast ey Figure 6: Search for the thermal transition at
a2 | ﬂ} ¢ = 0.005 and three values ¢. Left, from
o oap ¥ top to bottom: Average plaquette, real part of
£ sf " % the Polyakov loop and pion norniRight, from
Y oaof = I % ] top to bottom: Susceptibility of plaquette and
n
28| ;!%}- 1 real part of the Polyakov loop.
270 & ¢
. t

26 L L L L
0.162 0.163 0.164 0.165 0.166 0.167 0.168
[3

4. Summary and Outlook

For 8 = 3.4 andu = 0 we have found a very narrow rangersfvalues where we observe in-
dications for a first order phase transition similar to thik lnansition seen in the zero-temperature
case. There seems to be no Aoki phase in this range of the gieggam. The deconfinement
transition occurs at considerably highewalues.

For larger3 we have identified the thermal transition linetat= 0.005, and provided some
evidence for one side of the conical phase boundary prefdictgs].

Our future work will consist of a continued investigationtbé strong coupling region #&-
values substantially lower than presented here as welldsmy the details of the conical structure
for larger 3. Finally, we would like to study the thermal transition atximal twist and to work
towards physical qguark masses and the continuum in thimegi
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